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Abstract 
Transition metal-based catalysts are undoubtedly one of the most powerful tools available to 
chemists. They mediate a plethora of reactions, and make numerous chemical processes 
viable while allowing cleaner/greener and safer routes. Most transformations require the use 
of ancillary ligands, and in practice, the actual catalytically active species might be formed 
either by the in situ combination of metal and ligand precursors, or directly from a pre-
formed, well-defined organometallic complex. Pre-formed catalysts possess many advantages 
over in situ-generated systems. Not only are they usually better performing, but also allow 
strict control over the ligand/metal ratio. This is of importance since an increasing number of 
ligands are more expensive than common metal sources. More significantly, such control 
should be helpful to identify the actual catalyst, and hence, to better understand the reaction 
mechanism. This thesis describes the efforts in developing well-defined catalytic systems for 
the preparation and functionalisation of heterocycles, with a particular focus on 1,2,3-
triazoles. 
The introductory Chapter outlines a brief overview of the chemistry of azides, including a 
discussion of the ligands and catalysts used for the 1,3-dipolar cycloaddition reaction of 
organic azides and alkynes. The synthesis, characterisation and X-ray crystal structures of 
novel copper(I) catalysts bearing phosphorus-based ligands is described in Chapter 2. These 
pre-formed catalysts have been screened in the copper(I)-catalysed azide-alkyne 
cycloaddition reaction. The scope and trends in reactivity are also described. 
The following Chapter provides an introduction to the ruthenium-catalysed azide-alkyne 
cycloaddition reaction and the efforts in developing water-soluble catalysts and substrates 
and testing them in this cycloaddition reaction. 
In Chapter 4, results of attempted metal-catalysed cycloadditions of azides and internal 
alkynes are presented. In addition, the development of two new catalytic systems for the 
preparation of 5-iodo-1,2,3-triazoles using pre-formed catalysts is discussed. Mechanistic 
studies for this transformation are also included.  
Chapter 5 includes our attempted functionalisation reactions of 5-iodo-1,2,3-triazoles. 
Furthermore, copper-catalysed direct arylation reactions of 1,2,3-triazoles are reviewed, and 
the results of the copper-catalysed direct arylation of 1,4-disubstituted-1,2,3-triazoles are 
9 
 
included. The final Chapter contains experimental procedures and characterisation data of all 
compounds synthesised during this project. 
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This introductory Chapter outlines a brief history of the synthesis and reactivity of azides, 
including a discussion of the ligands and catalysts used for the 1,3-dipolar cycloaddition 
reaction of organic azides with alkynes. 
1.1. History and reactivity of azides 
Organic azides are synthetic compounds; to date there are no examples in the literature of a 
naturally occurring azide. The first synthesis of such a compound was reported in 1864 by 
Grieß, who prepared phenyl azide 1.1 from benzenediazonium perbromide and ammonia (Eq. 
1.1).1,2 Since then, azides have enjoyed considerable interest as versatile intermediates for a 
range of nitrogen-containing compounds.3,4 
 
An initial postulation by Curtius and Hantzsch suggested that azides adopt a cyclic 1H-
triazirine structure (Figure 1).5  
 
Figure 1 1-Phenyl-1H-triazirine 
This was swiftly revised in favour of the linear structure.6-8 Pauling studied methyl azide by 
electron diffraction, and found that the structure lies between two major resonance structures 
(Figure 2).6 An almost linear arrangement is adopted, and the bond orders between N1–N2 
and N2–N3 are ≈1.5 and 2.5 respectively.  
 
Figure 2 Resonance structures of azides 
Organic azides can be prepared by numerous methods such as nucleophilic substitution, 
addition reactions, diazo transfer and diazotisation (Scheme 1).3,4,9 While these highly-
energetic species are commonly used in organic chemistry, it should be noted that azides 
should be handled with care. They are toxic and explosive substances that can decompose to 
release nitrogen gas through the input of energy, such as pressure, heat or impact. Ionic 
23 
 
azides (such as sodium azide) are relatively stable, however low molecular weight and 
covalently-bound inorganic azides are particularly unstable. These inorganic azides can thus 
be used as detonators, and in fact, sodium azide is used in airbags. For organic azides to be 
non-explosive, the general rule is that the number of nitrogen atoms must not exceed that of 
carbon, and that (NC + NO)/NN ≥ 3 (NC, NO and NN are the number of carbon, oxygen and 
nitrogen atoms, respectively).10 
 
Scheme 1 Synthesis of organic azides 
With suitable control, azides can be valuable reagents in organic synthesis. They can react 
with electrophiles at N1, nucleophiles at N3 or with dipolarophiles in cycloaddition reactions 
(Figure 3). Among all known azide reactions, the Staudinger reaction, Curtius rearrangement 
and the cycloaddition reactions with alkynes are probably the most popular ones. 
 
Figure 3 Reactivity of organic azides 
The Staudinger reaction, first reported in 1919, is a procedure for the reduction of azides to 
amines using a tertiary phosphine.11 The reaction proceeds via an iminophosphorane 
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intermediate, which upon loss of nitrogen and subsequent hydrolysis, yields the 
corresponding amine product (Scheme 2).  
 
Scheme 2 Mechanism of the Staudinger reaction 
Under normal Staudinger reaction conditions, a stoichiometric amount of phosphine oxide is 
produced. Recently, the first catalytic version of this reaction was reported by van Delft, who 
showed that a catalytic amount of an organophosphole could be used to reduce azides to 
amines in the presence of a hydrosilane in order to reduce the generated phosphine oxide 
(Scheme 3).12  
 
Scheme 3 Catalytic Staudinger reaction 
In 2000, Saxon and Bertozzi reported the first modified Staudinger reaction – the 
intramolecular Staudinger ligation (Scheme 4).13 In this reaction, the intermediate 
iminophosphorane was trapped to form heterocycle 1.2, which was subsequently hydrolysed 
to form amide 1.3 (Scheme 4).13,14  
 
Scheme 4 The Staudinger ligation reaction 
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Shortly after this reaction was reported, Bertozzi and Raines independently described the 
traceless Staudinger ligation reaction, in which a cleavable linkage is pre-installed in the 
starting phosphine, furnishing an amide without the phosphine group (Scheme 5).15,16 This 
ligation reaction has found many applications in biological science, since the azide group is 
bioorthogonal and can be easily introduced without drastically altering the shape of the 
molecule.17,18 
 
Scheme 5 Traceless Staudinger ligation reaction mechanism 
The Curtius rearrangement is the thermal decomposition of acyl azides to isocyanates 
(Scheme 6).19 Isocyanates are versatile organic intermediates, which are usually hydrolysed 
to yield unstable carbamic acids which spontaneously undergo decarboxylation to furnish 
amines. Alternatively, reactions with alcohols or amines give the corresponding carbamates 
or ureas respectively.  
 
Scheme 6 Mechanism and versatility of the Curtius rearrangement 
An interesting example of the Curtius rearrangement was reported by Lebel in the one-pot 
transformation of carboxylic acids into Boc-protected (Boc = tert-butoxycarbonyl) amines 
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under mild conditions (Scheme 7).20 Zinc triflate was required to convert the acyl azide into 
the amine, possibly via a zinc carbamoyl species. 
 
Scheme 7 One-pot synthesis of Boc-protected amides 
1.2. Click Chemistry 
Click chemistry is a chemical philosophy coined by Sharpless, which highlights the 
importance of using simple reaction conditions to join small molecular units together quickly 
and reliably, to ultimately imitate Nature’s methods of creating molecular diversity.21 A 
reaction can be considered Click if it fulfils a number of stringent criteria. A Click reaction is 
one that: is high yielding and stereospecific; is air- and moisture-insensitive; generates only 
inoffensive by-products that can be removed by non-chromatographic methods (such as 
filtration, recrystallisation or distillation); can be performed neat or in benign solvents. The 
high specificity of Click reactions can be attributed to their high thermodynamic driving 
force. Therefore, most of them are exothermic and performed either in water or a water-polar 
organic solvent mix to efficiently dissipate the heat.   
The most common Click reactions include:  
 Cycloadditions of unsaturated species, such as Diels-Alder reactions; 
 Nucleophilic substitution reactions, particularly ring opening reactions of strained 
heterocycles; 
 Addition to carbon-carbon multiple bonds, such as epoxidation, dihydroxylation and 
aziridination chemistry; 
 Alkene hydrothiolation reactions.22,23 
In the last ten years, azides have enjoyed a huge amount of popularity due to the discovery of 
the copper-catalysed [3+2]-cycloaddition reaction to selectively generate 1,4-disubstituted 
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triazoles. The catalysts and ligands used for this process are reviewed in this introductory 
chapter. 
1.3. The copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction 
1,3-Dipolar cycloadditions are a versatile approach for the preparation of a range of five-
membered heterocycles.24 Under uncatalysed thermal conditions, the [3+2] cycloaddition of 
organic azides and alkynes normally produces two regioisomeric 1,2,3-triazoles.24,25 In 2002, 
Meldal26 and Sharpless27 showed independently that copper(I) species catalyse the 
regioselective formation 1,4-disubstituted triazoles (Scheme 8). This high yielding and 
regioselective reaction has become arguably the most popular Click reaction to date, and has 
found a plethora of applications.28-32 
 
Scheme 8 Azide-alkyne cycloaddition reaction 
Early mechanistic studies by Himo et al. led to the proposal that a copper acetylide species 
1.4 is generated by reaction of the copper(I) species with the alkyne (Scheme 9).33 
Subsequently, the organic azide would bind to the acetylide species 1.5, generating the six-
membered metallacycle 1.6, which would then form a copper-triazolide species 1.7, that upon 
protonation would regenerate the copper(I) species and liberate the observed 1,4-disubstituted 
triazole. 
Although the widely accepted mechanism34 does proceed via a copper acetylide species, 
further studies have shown that the reaction is not first order in copper (Scheme 10).35-39 
Instead, the catalytic cycle would begin with the formation of a copper-alkyne π-complex 1.8, 
which would be deprotonated to form a copper acetylide species 1.9. It is important to note 
that deprotonation is possible in aqueous media without the need for base as calculations have 
shown that copper coordination increases the acidity of the alkyne proton by up to 9.8 pH 
units.33 The organic azide can then coordinate to a copper centre in two different ways: an 
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end-on fashion achieved by binding to the copper with the terminal nitrogen; or through the 
carbon-linked nitrogen. The mechanism would then proceed via a six-membered metallacycle 
transition state to the copper triazolide species 1.10, which would undergo reductive 
elimination to furnish the 1,4-disubstituted triazole 1.11 and close the catalytic cycle.  
 
Scheme 9 Early proposed mechanism for the CuAAC reaction 
This mechanism was supported by kinetic studies of the ligand-free copper(II) sulfate/sodium 
ascorbate system in DMSO/H2O, which established that the reaction is second order with 
respect to copper at low metal loadings.36 Similarly, a second order dependence was observed 
for CuAAC reactions when benzimidazole-based ligands were used.40 In this case, the 
reaction exhibited discontinuous kinetic behaviour, as the rate law varied as the reaction 
progressed.  
DFT calculations by the Fokin group also supported the involvement of a second copper 
centre.37 Initial calculations showed that the reaction of an organic azide with a mononuclear 
copper acetylide species had an energy barrier of 11.2 Kcal/mol. In comparison, dinuclear 
species (with one copper atom bound in a linear fashion to the alkyne, and the other 
orthogonal to the acetylide, π-bonded to the triple bond) had a barrier of 10.5 Kcal/mol. 
Furthermore, when the π-bonding copper was σ-bound to another acetylene molecule, the 
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calculated activation barrier was 6.0 Kcal/mol, however when a chloride ion was attached to 
the π-bound copper, the barrier was less endothermic, calculated at 3.6 Kcal/mol. 
 
 
Scheme 10 Widely accepted mechanism for CuAAC including multinuclear species 
A computational study by Straub suggested tetranuclear copper(I) acetylides could also be 
energetically viable.41 This is not very surprising if we take into consideration that copper(I) 
acetylides are known to be polymeric, and preparation of the reactive copper(I) acetylide 
species in situ is critical for this cycloaddition reaction. Heaney et al. suggested that dinuclear 
alkynylcopper(I) complexes are involved, by examining the reactivity of the ladderane 
complex phenylethylcopper(I), [(PhCCCu)2]n.
39 The crystal structure of this complex42 shows 
that the copper(I) atoms are separated by distances of between 2.49 and 2.83 Å, which is 
thought to be ideal for the formation of dinuclear species.34 It was thus proposed that 
dinuclear copper acetylides are more reactive than the mononuclear analogues, due to the 
increased number of binding modes, but higher order aggregates might decelerate the rate of 
reaction. 
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To date, the only example of an isolated copper(I) triazolide species has been reported by 
Straub, who reported the isolation of the copper acetylide complex 1.12, which reacted with 
sterically-demanding azide azidodi(4-tolyl)methane to furnish mononuclear triazolide species 
1.13, as confirmed by X-ray analysis (Scheme 11).43 The isolation of such a complex is good 
evidence that copper triazolide species are intermediates in the CuAAC reaction. 
 
Scheme 11 Isolation of a Click intermediate  
A number of conclusions can be drawn from the experimental and computational results that 
have been published over the last decade. Firstly, dinuclear complexes may exhibit enhanced 
reactivity, even if a uniform rate law is not observed during the reaction. Secondly, 
polynuclear copper(I) acetylides can hinder the rate of the CuAAC reaction. This is a reason 
why polar solvents such as water perform well in the cycloaddition reaction, since they 
discourage aggregation. Finally, ligands must been tuned to prevent the formation of 
polymeric aggregates whilst allowing the azide to access the copper(I) acetylide species. 
Overall, this reaction displays a very complex mechanistic picture, and the nuclearity of the 
reactive intermediates is expected to change with the type of copper salt or complex used, the 
ligands involved, the counter-ion and the solvent system. 
1.3.1. Catalytic systems used for CuAAC reactions 
Since 2002, a number of different systems have been employed for the CuAAC reaction, 
including the use of copper(II) precursors with a reducing agent, copper(0)/copper(II) 
comproportionation, copper(I) halides and pre-formed copper(I) complexes.30,44 
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The Sharpless group was the first to use copper(II) sulfate in the presence of sodium 
ascorbate in a 1:1 mixture of water/t-butanol.27 This is probably the most commonly used 
catalytic system due to the low cost and toxicity of the starting materials and their stability 
towards air and moisture. Reactions using copper(I) halides in the absence of ligands tend to 
be sluggish, due to low solubility of the metal halide, aggregation and/or oxidation of the 
catalyst in the reaction media. 
Typically, the catalyst loading for the aforementioned reactions tends to be fairly high (up to 
100 mol %), with a large excess of the reducing agent (up to 10 equivalents with respect to 
copper), which could affect other functionalities within the starting materials and/or product. 
In addition, using large excesses of additives increases the amount of waste and the difficulty 
of isolating clean products. This was first shown by the Sharpless group when trace amounts 
of the bistriazole were observed as a side product, attributed to the use of copper(I) salts.27 In 
2007, the Burgess group showed that the use of inorganic bases can promote oxidative 
dimerisation between two copper triazolide species, which was verified by NMR and X-ray 
analysis (Scheme 12).45 
Scheme 12 Triazole dimerisation reaction 
Although these ligandless systems can be successful, they are limited to aqueous-based 
systems and hence water-tolerant substrates. Ligandless systems leave little room for 
improvement for unsuccessful CuAAC reactions. In sharp contrast, ligands can protect 
copper(I) centres, and have been shown to greatly enhance their activity and the rate of 
reaction. Pre-formed complexes are still scarcely used for this transformation, even though 
their use gives several advantages, most notably cleaner triazole products at lower copper 
loadings. Herein, the activity of ligated copper(I) species in the CuAAC reaction will be 
reviewed. 
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1.3.1.1. Nitrogen-based ligands 
Nitrogen-based ligands have been the most widely used in the CuAAC reactions to date. It is 
well-known that nitrogen has a high affinity for copper, but in this context, the ligand can 
also be used as a base to abstract the alkyne proton, facilitating the formation of a copper 
acetylide intermediate. 
1.3.1.1.1. Amines 
Simple amines have been used most frequently in these reactions, with diisopropylethylamine 
(DIPEA) being the first ligand employed in the CuAAC reaction26 and the most commonly 
used for a number of applications.46-48 A number of other amines have been employed with 
varying success (Figure 4). The ligands are not limited to tertiary amines, with aqueous 
ammonia and propylamine both being used in cycloaddition reactions involving 
polysaccharides.49 
 
Figure 4 Amine ligands used in CuAAC reactions 
The first example of a well-defined catalyst used in the CuAAC reaction that contains an 
amine ligand was reported by Candelon et al.50 The recyclable catalyst [Cu(C186tren)]Br 
(C186tren = tris(2-dioctadecylaminoethyl)amine) 1.14 (Figure 5) catalysed the reaction of 
benzyl azide and phenylacetylene at metal loadings as low as 100 ppm. The reactions gave 
good to excellent yields, and were performed in n-octane or toluene which allowed the easy 
separation of the catalyst from more polar triazoles. Astruc later reported that the analogous 
[Cu(hexabenzyl)tren]Br 1.15 (in which the octadecyl chains of 1.14 are replaced by benzyl 
groups) could be used at just 0.1 mol % [Cu] for the synthesis of dendrimers.51 
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Figure 5 Copper(I) complexes bearing tripodal amine ligands  
1.3.1.1.2. Imine ligands 
Imine ligands have been used to a lesser extent when compared to the simple amine-based 
systems (Figure 6). Matsubara assessed four imidazole ligands with flexible alkyl chains as 
ligand candidates.52 Of the ligands tested, 1.16 was the most effective, and the reaction of 
octyl azide with phenylacetylene was completed in 2 h with 0.5 mol % [Cu]. Interestingly, 
the long alkyl chain proved to be important in generating triazoles with bulky alkynes such as 
t-butyl acetylene. This was attributed to the ability of the alkyl chain to create a so-called 
“favourable environment” around the copper centre, although no further evidence of this 
phenomenon was reported. Pyridine bis(oxazoline) (pybox) ligands are common ligands in 
asymmetric synthesis.53 In 2005, Fokin applied 1.17 to the kinetic resolution of racemic 
azides via the CuAAC reaction.54 In addition to these imines, polymer-supported 1,5,7-
triazabicyclo[4.4.0]dec-5-ene 1.18 has been used for this cycloaddition reaction.55  
 
Figure 6 Selection of imine ligands used in the CuAAC reaction 
Hor reported a diimine/benzimidazole system for the three-component reaction of an organic 
halide, sodium azide and a terminal alkyne.56 1.19 was used at 5 mol % loading with 2 mol % 
CuI to give triazoles in good to excellent yields after purification by column chromatography 
(Scheme 13).  
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Scheme 13 Diimine/benzimidazole ligand used in the CuAAC reaction 
Cationic complex 1.20 was active in the cycloaddition reaction of organic azides with 
phenylacetylene at 1 mol % [Cu], in THF at 50 °C.57 Further methodological studies by 
Avilés and Gomes showed that (Ar-BIAN)copper(I) (Ar-BIAN = 
(aryl)acenaphthenequinonediimine) complex 1.21 was more active than 1.20 under identical 
reaction conditions.58 1.20 catalysed the reaction of benzyl azide with phenylacetylene to 
71% conversion into the corresponding triazole, whereas the use of 1.21 led to 91% 
conversion in the same reaction time. With both catalysts, the expected triazoles were 
isolated by concentration of the reaction mixture or by recrystallisation from methanol. 
 
Figure 7 (Ar-BIAN)copper(I) complexes 
1.3.1.1.3. Pyridine ligands 
Several pyridine ligands have been employed for the CuAAC reaction (Figure 8). 2,6-
Lutidine 1.22 is a popular choice and has been used in the functionalisation of DNA59 and for 
attaching ligands to the surface of liposomes.60 In addition, 5 mol % 1.23 could be used with 
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2.5 mol % CuBr in a one-pot CuAAC/living radical polymerisation reaction.61,62 In 2004, 
Fokin showed that bipyridine derivatives 1.24 were efficient ligands35 and since then, these 
ligands have been used in a number of applications, such as the synthesis of functionalised 
agarose molecules.63 Sulfonated phenanthroline derivative 1.25 has been mainly used for 
biological applications due to its water-solubility, for example, in chemoselective ligation 
reactions.64 
 
Figure 8 Pyridine ligands used for the CuAAC reaction 
In 2009, Quignard and Taran reported a recyclable copper catalyst bearing a polymeric 
phenathroline-based ligand 1.26.65 This supported complex was able to catalyse the CuAAC 
reaction at just 0.1 mol % [Cu] under aerobic conditions, furnishing triazoles that could be 
isolated by filtration or recrystallisation in good to excellent yields (Scheme 14). 
 
Scheme 14 Supported copper(I)-phenanthroline complex for the CuAAC reaction at low catalyst loading 
1.3.1.1.4. Triazole ligands 
Fokin first suggested that polytriazoles could be used as stabilising ligands in the azide-
alkyne cycloaddition reaction, following the observation that reaction rates of some 
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polyvalent substrates appeared to be autocatalytic when using a ligandless system.66 
Subsequently, a range of polytriazoles (Figure 9) were screened as ligands in a model 
reaction of benzyl azide with phenylacetylene. Interestingly, while ligand 1.27 performed 
best in the CuSO4/sodium ascorbate system, bistriazole 1.28 was the most efficient ligand 
when [Cu(NCMe)4]PF6 was used as the copper source. At metal loadings lower than 1 mol 
%, tris-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) 1.29 was more efficient than 
1.28 in protecting the copper(I) oxidation state, and thus led to an enhanced reaction rate. 
 
Figure 9 Triazole ligands used in CuAAC reactions 
The rate enhancement obtained at lower catalyst loading could be due to the tetradentate 
nature of 1.29 and its ability to completely encompass the copper centre, protecting it from 
oxidation. Furthermore, the basic amine could provide additional electron density for the 
metal centre, whilst one or more triazole moieties temporarily detaches from the metal centre 
to allow copper acetylide formation. Most recently, Wu and co-workers studied analogues of 
the parent polytriazole TTTA (TTTA = tris[(1-tert-butyl-1H-1,2,3-triazolyl)methyl]amine) 
ligand and found that sulfated ligand 1.30 was an effective ligand for bioconjugation 
applications.67 It was noted that the negatively charged sulfate group minimised the 
membrane permeability of the cytotoxic copper(I) species. However, the negative charge 
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could also impose electrostatic repulsion with probes or other biomolecules, so 1.31 may be 
used as alternative when labelling negatively-charged molecules. 
Several attempts at preparing copper complexes with TBTA have been reported. The reaction 
of TBTA with copper(I) bromide in dichloromethane yielded a solution which after 
concentration, gave two different mononuclear complexes as crystals ‒ [CuIBr(TBTA)] and 
[CuIIBr(TBTA)]Br.68 Remarkably, the same result was obtained when crystals were grown in 
an oxygen-free environment. On the other hand, Donnelly et al. also successfully prepared a 
copper(I) complex with TBTA, from the reaction of [Cu(NCMe)4]BF4 with 1.29 in 
acetonitrile, which gave an air-sensitive complex that showed a dinuclear arrangement, with 
the triazole functionality bridging two copper centres.69 It was suggested that the complex 
was a precursor to the active species, which may involve hemi-labile coordination of the 
bridging triazole to give an active, mononuclear CuI species.  Although the scope of the 
reaction was not explored, reaction of 2-azido-N-phenylacetamide with phenylacetylene gave 
the corresponding triazole in 91% yield in 2:1 DMSO/water solvent mixture. 
 
Figure 10 Proposed structure of a tris(triazolyl)copper(I) complex 
A related tris(triazolyl)methanol/copper(I) complex 1.32, reported by Pericàs, mediated the 
azide-alkyne cycloaddition reaction with just 0.5 mol % [Cu] (Figure 10).70 Although single 
crystals could not be obtained for this complex, its structure was inferred by NMR analysis. 
Interestingly, a copper(II) analogue was crystallised, showing a hexacoordinate copper(II) 
centre bonded to two ligands. Excellent yields in triazoles were obtained in almost all cases, 
however the reaction of benzyl azide with propargylamine gave only a moderate yield of 
47%, suggesting that the free amine could bind to the copper(I) centre, inhibiting triazole 
formation.  
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1.3.1.1.5. Benzimidazole ligands 
Benzimidazoles have been principally studied as ligands for the CuAAC reaction by Finn and 
co-workers.38,40,71 Water-soluble ligand 1.33 provided a notable acceleration in the reaction 
rate at a wide pH range, whereas 1.34 (water-soluble at low concentrations) performed 
optimally at higher substrate concentrations, allowing for the reaction of benzyl azide and 
phenylacetylene to be complete in 5 h with 0.05 mol % [Cu]. Finn showed that strongly 
coordinating ligand [(2-benzimidazolyl)methyl]-bis-[(2-pyridyl)methyl]amine 1.35 was the 
best ligand of its type, although at ligand/metal ratios greater than 1, catalyst deactivation 
occured due to lack of substrate binding sites.71 It was recommend that weaker ligands should 
be used to prevent copper chelate formation under aqueous conditions. 
 
Figure 11 Selected benzimidazole ligands used in the CuAAC reaction 
1.3.1.2. Carbon-based ligands 
Reports of carbon-based ligands used for CuAAC reactions are mostly limited to the use of 
carbenes, in particular N-heterocyclic carbene (NHC) ligands. 
1.3.1.2.1. NHC ligands 
Neutral NHC‒copper(I) complexes, bearing the commonly used carbenes such as IAd (N,N’-
diadamantylimidazol-2-ylidene) 1.36, SIPr (N,N’-bis(2,6-diisopropylphenyl)imidazolin-2-
ylidene) 1.37, SIMes (N,N’-bis(2,4,6-trimethylphenyl)-4,5-imidazolin-2-ylidene) 1.38 and 
ICy (N,N’-dicyclohexylimidazol-2-ylidene) 1.39 (Figure 12), were among the first reported 
NHC‒copper(I) complexes in the CuAAC reaction.72-74  
[CuBr(SIMes)] was first identified as a good candidate for the CuAAC reaction, giving 
excellent yields at catalyst loadings as low as 0.8 mol % [Cu].72 This catalyst was also 
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efficient in the three-component reaction of an organic halide, sodium azide and an alkyne, 
furnishing 1,4-disubstituted triazoles without any byproducts or catalyst decomposition. One 
drawback of using [CuBr(SIMes)] was that the preparation of oily or low melting-point 
triazoles required higher reaction temperatures or catalyst loadings. Related [CuI(IAd)] 
complex was later shown to overcome this issue, and was superior in all cases to 
[CuBr(SIMes)] for the preparation of a range of triazoles.74 Importantly, [CuI(IAd)] 
performed better with sterically-hindered substrates and also exhibited a higher functional 
group tolerance.   
 
Figure 12 NHC ligands 
Several modifications to the original [CuBr(SIMes)] catalyst have been reported in the 
literature. For example, polymer-bound [CuCl(SIMes)] led to the formation of the expected 
triazoles with 0.2 mol % [Cu] in water/THF at room temperature.75 Only moderate yields (40-
75%) were obtained after filtration on silica followed by recrystallisation.   
 
Figure 13 Aromatic nitrogen donors 
On the other hand, the use of nitrogen donors with Cu‒NHC complexes can further improve 
their reactivity (Figure 13).76,77 Hence, cycloadditions with [CuCl(SIMes)] in the presence of 
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N,N-dimethylaminopyridine (DMAP) 1.40 gave good conversions after 18 h, however 
DMAP’s high toxicity compromises the ideals of a true Click reaction. Better results were 
obtained with phenanthroline (phen) 1.41 and the bathophenanthroline disulfonic sodium salt 
1.25. 
X-Ray analysis of [CuCl(SIMes)(phen)] showed  that the copper atom lies in a distorted 
tetrahedral environment.76 Comparison with the parent complex showed that 
[CuCl(SIMes)(phen)] had a significantly longer Cu‒Cl bond length with respect to 
[CuCl(SIMes)] (2.347(2) Å and 2.099(1) Å, respectively).78 It was then proposed that a 
longer Cu‒Cl bond length should allow for easier formation of a copper(I) acetylide species. 
However, it is important to note that such a direct comparison cannot be made, since the best 
performing catalyst, used by the Nolan group,72 was [CuBr(SIMes)] and not a copper 
chloride complex. In addition, the reactions using [CuCl(SIMes)(phen)] were performed in 
water/t-BuOH, whereas the reactions catalysed by [CuBr(SIMes)] were run on water. 
Further studies on the reactivity of NHC complexes showed that [CuCl(SIPr)] could be used 
as a latent catalyst (Scheme 15).73 Whereas no reaction was observed under ambient 
conditions even after prolonged reaction times, gentle heating and addition of water gave the 
desired triazoles in almost quantitative yields. This approach should open new and exciting 
applications, where the starting materials could be stored for long periods of time and only 
activated when required. 
 
Scheme 15 Latent Click catalyst 
In 2011, Wang and co-workers reported that 1.42 was an efficient water-soluble catalyst for 
the three-component reaction of an organic bromide, alkyne and sodium azide, giving 
triazoles in 84‒98% yield (Figure 14).79 The related NHC complex [CuCl(SIPr)] could only 
catalyse the reaction of benzyl azide with phenylacetylene to 26% conversion after 1 week 
stirring on water, which suggests that the enhanced catalytic activity was due to the increased 
solubility of the catalyst. All triazoles could be isolated by precipitation from the reaction 
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mixture. Similarly, Cisnetti and Gautier reported that complex 1.43 could catalyse the azide-
alkyne cycloaddition reaction of peptide substrates in buffered aqueous media at very low 
concentrations.80 The same group reported that 1.44 could act as both a catalyst and substrate 
in the CuAAC reaction with propargyl alcohol in water/DMSO at 50 °C without any external 
copper source.81  
 
Figure 14 Modified (NHC)copper complexes  
Sarkar reported that copper(I)‒NHC complex 1.45 (Figure 15) was effective in the azide-
alkyne cycloaddition reaction at metal loadings as low as 0.05 mol % [Cu].82 Moreover, 1.45 
was able to catalyse the cycloaddition of sterically-hindered azides with alkynes.  
 
Figure 15 Copper(I)‒NHC complex 1.45 
In addition to the commonly used imidazolylidene- and imidazolinylidene-copper complexes, 
copper(I) 1,2,3-triazol-5-ylidine complexes have displayed good activity in the CuAAC 
reaction.83 Optimisation of the reaction conditions showed that [CuCl(TPh)] 1.46 (TPh = 1,4-
diphenyl-1,2,3-triazol-5-ylidene) was active at 3 mol % catalyst loading, mediating the 
formation of a range of triazoles in fair to excellent yields. Furthermore, 1.46 was able to 
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catalyse the reaction of bulky substrates; most notably, the reaction of mesityl azide with 
mesitylacetylene proceeded to 63% conversion into the expected triazole after 18 h stirring. 
The authors reported that this particular triazole could not be obtained using Sharpless’ 
conditions (CuSO4/sodium ascorbate)
27 or Meldal’s conditions (CuI/DIPEA).26 
 
Scheme 16 CuAAC reaction using a copper(I) 1,2,3-triazol-5-ylidene complex 
On the other hand, cationic NHC-containing complexes of the general formula 
[Cu(NHC)2]X, (X = PF6, BF4), have also shown excellent activity in the CuAAC reaction. In 
particular, [Cu(ICy)2]PF6 mediated the formation of a range of triazoles in excellent yields (> 
90%) in 5 min to 7 h with just 0.5 mol % [Cu] loading.84 Furthermore, at 50 °C, the reaction 
between benzyl azide and phenylacetylene proceeded to 81% conversion in just 4 h when the 
concentration of copper was just 40 ppm. A range of other triazoles were prepared in good to 
excellent yields at 40-300 ppm catalyst loading.  
Most recently, Cazin reported the synthesis of a range of novel hetereoleptic bis(N-
heterocyclic carbene)copper(I) complexes, which were active in the CuAAC reaction.85 
[Cu(IPr)(ICy)]BF4 1.47 was active at low catalyst loadings, catalysing the same reaction to 
completion 16 h at 0.02 mol % (Scheme 17). This complex is more active than the related 
homoleptic complex [Cu(ICy)2]BF4, which only yielded 72% of the expected triazole after 20 
h under the same reaction conditions.84 Cazin also reported that phosphine/NHC complex 
1.48 could catalyse the reaction of heptyl azide with phenylacetylene to completion at 0.5 
mol % in < 4 h or at 0.02 mol % in < 15 h at 50 °C (the authors did not specify the exact 
reaction times in these cases).85 In order to discover which ligand (NHC or phosphine) was 
released during the catalytic cycle, a number of stoichiometric reactions were conducted. 
Firstly, exposure of 1.48 to phenylacetylene at room temperature or 80 °C overnight led to 
the formation of {Cu(C≡CPh)[P(t-Bu)3]} and IPr∙HBF4 i.e. NHC ligand IPr was released. 
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Interestingly, the same stoichiometric reaction carried out with [Cu(IPr)(ICy]BF4 led to the 
formation of {Cu(C≡CPh)(IPr)} and ICy∙HBF4, suggesting that ICy had dissociated from the 
metal centre. This highlights the importance of the basicity of the NHC ligand attached to the 
metal centre, and could allow each ligand to be separately tuned to reach optimum catalytic 
performance. 
 
 Scheme 17 Heteroleptic (NHC)copper complexes for the CuAAC reaction  
Copper complex 1.49 was found to be highly active in the CuAAC reaction for TEMPO-
modified (TEMPO = 2,2,6,6-tetramethylpiperidinyl-1-oxy) substrates under mild conditions 
(Figure 16).86 Using 1 mol % [Cu] in methanol at 50 °C, the expected triazoles were isolated 
in good to excellent yields after column chromatography. These TEMPO-modified triazoles 
were tested as ligands in the copper-catalysed oxidation of benzyl alcohol, which gave 
benzaldehyde in 99% yield after 2 h stirring at 70 °C in chlorobenzene. 
 
Figure 16 Copper(I) complex 1.49 
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It has long been acknowledged that the CuAAC reaction is not first order in copper (see 
Section 1.3). Straub and co-workers reported that well-defined bis-triazolylidene dicopper(I) 
complex 1.50 (Cu···Cu distance = 3.076 Å, actually longer than the optimal reported 
distance, see Section 1.3) was active in the azide-alkyne cycloaddition reaction at metal 
loadings as low as 0.12 mol % in dichloromethane at room temperature.87 Triazoles were 
isolated in 96-98% yield after purification by column chromatography. Additionally, catalytic 
studies showed that this dinuclear complex was more active than mononuclear [Cu(ICy)2]PF6 
under the reported reaction conditions. For instance, the reaction of benzyl azide with 
phenylacetylene catalysed by 1.50 reached full conversion into the expected triazole within 
65 minutes, whereas [Cu(ICy)2]PF6 required 4.5 h to achieve 60% conversion. However, the 
use of dichloromethane as solvent is not recommended, as explosive mixtures can be formed 
between chlorinated solvents and azides. 
 
Figure 17 Bis-triazolylidene dicopper(I) complex 1.50 
1.3.1.2.2. Isocyanide ligands 
Reiser reported that a copper(I) isonitrile complex was effective in the CuAAC reaction with 
2 mol % [Cu], and range of triazoles could be prepared in good to excellent yields in short 
reaction times (Scheme 18).88  
 
Scheme 18 CuAAC reaction using a copper(I)-isonitrile complex 
Due to its insolubility in most solvents, this complex could also be recovered and recycled 
five times without any significant loss in activity. In addition, the isonitrile complex was also 
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active in the three-component reaction of an organic halide, sodium azide and an alkyne on 
water using 2 mol % [Cu]. The authors postulated that these isocyanide ligands show similar 
electronic properties to NHC ligands. Regrettably, all products had to be purified by column 
chromatography.  
1.3.1.3. Phosphorus-based ligands 
Ubiquitous in organometallic chemistry, it is surprising that phosphorus-based ligands have 
not been particularly well-studied for the CuAAC reaction.89-95 In 2003, Santoyo-González 
reported the use of previously known complexes [CuBr(PPh3)3] and {CuI[P(OEt)3]}, chosen 
for their solubility in organic solvents, as pre-formed catalysts for the synthesis of 
neoglycoconjugates under microwave irradiation.89 Organic bases (either DBU or DIPEA, 
which might also be regarded as ligands) were used to deprotonate the alkyne, facilitating the 
formation of a copper acetylide species. 
The first methodological study using phosphorus-containing ligands in this context was 
reported by Feringa, where a number of phosphoramidite ligands were screened, using a 
copper(I) catalyst precursor, generated from copper(II) sulfate and sodium ascorbate.90 
MonoPhos 1.51 (MonoPhos = (3,5-dioxa-4-phosphacycloheptadinaphthalen-4-
yl)dimethylamine, Figure 18) was the best ligand under the reported conditions. However, all 
products required purification by column chromatography. 
Triphenylphosphine has been used as an additive in reactions catalysed by both copper(I) and 
copper(II) salts.91 Pre-formed complex [C3H7COOCu(PPh3)2] 1.52 was active with just 0.05 
mol % [Cu] whilst ensuring high yields of the expected triazoles. The substrate scope was 
wide, including more elaborate substrates such as sugar-based azides/alkynes and alkyne-
functionalised amino acids. Regrettably, the reactions were performed in dichloromethane 
and all products required purification by column chromatography.  
Most recently, air-stable complex 1.53 was reported to catalyse the cycloaddition reaction of 
benzyl azide with phenylacetylene in 1,4-dioxane at 65 °C at 2.5 mol % [Cu].95 It should be 
noted that this cycloaddition reaction was also carried out using 5 mol % CuI with 5 mol % of 
free aminophosphine ligand (i.e. in situ-formation of the catalyst) and led to similar results. 
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Figure 18 Phosphorus-based catalytic systems for CuAAC reactions 
In 2011, Cuevas-Yañez and co-workers reported that dithioic acid copper(I) complex 1.54 
was active in the three component reaction of an organic tosylate, sodium azide and an alkyne 
to give tetrahydrofuranyl-1,2,3-triazoles in moderate to good yields after recystallisation.96 
Furthermore, 1.54 was reported to catalyse the reaction of organic azides with alkynes with 
0.5 mol % [Cu] in THF, to give the expected triazoles in 54-97% isolated yields after 
recrystallisation.97  
 
Chen reported that [Cu(NO3)(PPh3)2] was an efficient catalyst for the CuAAC reaction under 
neat conditions (Scheme 19).94 Analysis of the substrate scope showed that the physical state 
and the steric hindrance of the azide were critical to how the reaction progresses. For 
instance, solid azides led to poorer conversions – probably due to inefficient mixing under 
solvent-free conditions, and ortho-substituted aromatic azides required longer reaction times. 
This catalyst was also active in the three-component reaction of a halide, sodium azide and an 
alkyne on water, but only a very limited scope was reported. Triazoles could be purified by 
extraction where the starting materials were volatile; however column chromatography was 
required to purify triazoles derived from solid azides. 1,10-Phenanthroline has already been 
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shown to enhance the reactivity of Cu‒NHC complexes (see section 1.3.1.2.1) and Chen later 
showed the addition of 1,10-phenanthroline increased the activity of  [Cu(NO3)(PPh3)2].
98 
This result allowed for the finding of [Cu(NO3)(phen)(PPh3)2] as an efficient catalyst for the 
CuAAC reaction at 100-250 ppm catalyst loading under otherwise identical reaction 
conditions. 
 
Scheme 19 Cu-phosphine catalyst for the CuAAC reaction 
1.3.1.4. Sulfur-containing ligands 
Commercially available CuBr∙SMe2, known for its high solubility in organic solvents has 
been used to mediate the azide-alkyne cycloaddition reaction, and has found applications in 
the preparation of adhesives99 and the synthesis of triazole-linked DNA.100 Otherwise, Wang 
et al. were the first ones to screen sulfur-containing ligands in the cycloaddition reaction of 
sulfonyl azides with alkynes.101 Dimethyl sulfide, DMSO, thioanisole, thiophene or 
tetrahydrothiophene were combined with CuBr in a 2:1 ligand/metal ratio. The best result 
was obtained in the presence of thioanisole, using acetonitrile as the solvent. Regrettably, all 
products had to be purified by column chromatography. 
Fabbrizzi et al. reported that the previously known (aminoarenethiolato)copper(I) complex 
1.55 (Figure 19) was efficient at 1 mol % catalyst loading.102 Remarkably, this air-sensitive 
complex was able to catalyse the cycloaddition reactions with no precautions to exclude air or 
moisture. Again, the products had to be purified by column chromatography. This catalyst 
has also been used for the formation of dendrimers and immobilisation of pincer catalysts.103 
 
Figure 19 {[2-(Dimethylamino)methyl]thiophenolato}copper(I) 1.55 
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García-Álvarez showed that water-soluble catalyst 1.56 (Figure 20) was active in the CuAAC 
reaction on water.104  Excellent yields in triazoles were obtained when 0.5 mol % 1.56/10 mol 
% 2,6-lutidine were used. Furthermore, 1.56 was active in the three component reaction of an 
organic bromide, sodium azide and an alkyne with the same catalyst loading as the reactions 
with isolated azides.105 In both cases, triazoles were isolated in excellent yields by extraction 
of the reaction mixtures with dichloromethane. It is important to note that nitrogen-containing 
additives were essential for any reaction to take place. 
 
Figure 20 García-Álvarez catalyst 1.56 
Hybrid ligand bis(2-(benzylthio)ethyl)amine (SNS) reacted with copper(I) iodide to give a 
1D coordination polymer [Cu2I2(SNS)]n, which was used at 0.5-5 mol % loading in the in situ 
reaction of benzyl chloride, sodium azide and phenylacetylene (2 equivalents) to furnish the 
corresponding 1,4-disubstituted triazole in a moderate yield (Scheme 20).106 No further scope 
was investigated in this reaction, and the triazole required purification by column 
chromatography.  
 
Scheme 20 CuAAC reaction using [Cu2I2(SNS)]n 
Interestingly, the copper(II) analogues [CuCl2(SNS)], [CuBr2(SNS)] and 
[Cu(OTf)2(SNS)(OH2)] were also active in the reaction. However, this was attributed to the 
solvent, acetonitrile, promoting reduction of copper(II) to copper(I).107 Copper(II) salts can 
act as oxidising agents, and in this case, oxidise phenylacetylene (in a side process) to give 
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the coupled product diphenyl-1,3-butadiyne108 and a copper(I) species, required for the 
CuAAC reaction.  
1.3.2. Reactions of electron-deficient azides 
The reactivity of copper acetylides with electron-deficient sulfonyl azides has been 
thoroughly studied, and depending on the reaction conditions, a range of different products 
can be isolated. 
N-Sulfonyl triazoles can be prepared under a number of conditions. The first example was 
reported by Fokin and Chang, where 10 mol % CuI in the presence of 2,6-lutidine generated a 
range of triazoles in moderate to excellent yields.109 Since then, a number of copper/ligand 
combinations have been reported, including CuBr/PhSMe,101 CuTC (TC = thiophene-2-
carboxylate),110 and Cu(OAc)2∙2H2O/2-aminophenol.
111 All these reactions were run without 
any particular precaution to exclude air or moisture, however, all triazoles had to be purified 
by column chromatography, except for the reaction catalysed by CuTC, where the products 
were easily isolated by triturating with cyclohexane, followed by filtration. 
The lowest reported catalytic loading for these particular cycloaddition was reported by 
Pérez, where the (trispyrazolylmethane)copper(I) complex [Tpm*,BrCu(NCMe)]BF4 1.57 was 
used at 5 mol % [Cu] (Figure 21).112 A range of triazoles could be isolated in 86‒98% yield 
after purification by column chromatography.  
 
Figure 21 [Tpm*,BrCu(NCMe)]BF4 1.57 
The first mechanistic proposal for the cycloaddition reaction of N-sulfonyl azides and alkynes 
was reported in 2006 (Scheme 21).113 Similar to the copper(I)-catalysed azide-alkyne 
cycloaddition reaction, copper(I) acetylides would be converted into copper(I) triazolide 
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species 1.58 which then would undergo protonolysis to furnish the 1,2,3-triazole product. 
Copper(I) triazolide species bearing an electron-withdrawing group on N1 are inherently 
unstable and could undergo ring-chain isomerisation, known as the Dimroth rearrangement114 
to give diazoimino species 1.59. Loss of molecular nitrogen might lead to the formation of 
ketenimine 1.60, which can be trapped by a number of different nucleophiles. 
 
Scheme 21 Proposed mechanism for the reaction with sulfonyl azides 
DFT calculations for the reaction of sulfonyl azide with alkynes have been carried out by the 
Fokin group, using methanesulfonyl azide and propyne as substrates.109 They showed that 
cleavage of the N–N bond of 1.61 had an activation barrier of 64 kJ/mol, and the formation of 
diazoimine complex 1.62 was endothermic by 27 kJ/mol (Scheme 22). 
 
Scheme 22 Cleavage of N‒N bond in copper(I) triazolide species 
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Alternatively, when methyl azide was used instead, the barrier for N–N bond cleavage was 
148 kJ/mol, explaining why N-alkyl analogues of 1.59 have not been observed to date.  
Copper triazolide species 1.58 can therefore lead to 1,4-disubstituted triazoles, but loss of 
nitrogen from these species can give rise to a number of diverse nitrogen-containing 
compounds (Scheme 23). The three-component reaction of a terminal alkyne, an organic 
azide and an amine leads to the formation of amidines 1.63 using 10 mol % CuI.115,116 In 
2008, Wang reported a copper-catalysed three-component domino approach to the synthesis 
of phosphorus amidines 1.64 in the presence of 10 mol % CuI and triethylamine.117 The role 
of the amine in this reaction is uncertain, since the same reaction, in the presence of water, 
leads to the formation of amides 1.65 in good to excellent yields using 10 mol % CuI.118 
Using pure water as the reaction medium generates amides in good to excellent yields whilst 
allowing copper loading to be lowered to 2 mol %.119 Fokin also showed that amides can be 
prepared using 2 mol % [Cu(NCMe)4]PF6, but in this case an amine was not required.
113 
The reaction of ketenimine with imines led to the isolation of predominantly trans-
azetidimine derivatives 1.66.120 Optimisation of the reaction conditions showed that ligands 
were crucial to the success and stereoselectivity of the reaction. For instance, when TBTA 
was used in the reaction of tosyl azide, phenylacetylene and N-benzylideneaniline, both 
trans- and cis-isomers were observed in 42:58 ratio by 1H NMR spectroscopy, whereas using 
2 equivalents of pyridine led to the isolation of the corresponding azetimidine derivative in 
90% yield with 95:5 selectivity in favour of the trans- isomer. Liao and Bi achieved similar 
results when using 10 mol % Cu2O under solvent-free conditions.
121  
Recently, Yavari disclosed that the proposed ketenimine intermediate 1.60 could be trapped 
by tetramethylguanidine to furnish 1,4-dihydroazete derivatives 1.67 in moderate to good 
yields.122 The same group also reported that 2,6-diamino-4-sulfonamidopyrimidines 1.68123 
and tetrasubstituted pyrazoles 1.69124 could be prepared under similar reaction conditions by 
using cyanoguanidine and hydrazonoyl chlorides, respectively. 
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Scheme 23 Diverse reactivity of ketenimine species 1.60 
Furthermore, the reaction of 2-ethynylaryl methylenecyclopropanes with sulfonyl azides led 
to the formation of fused indolines, probably via a 6π-electrocyclisation reaction after the 
initial [3+2] cycloaddition reaction and loss of nitrogen (Scheme 24). 
 
Scheme 24 Synthesis of fused indolines 
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In 2011, Lu and Wang reported a method for the preparation of 3-functionalised indoles by 
trapping ketenimime derivatives (Scheme 25).125 Interestingly, two different compounds 
could be isolated from the reaction mixture depending on whether the reaction was performed 
under inert or aerobic conditions. Hence, when the reactions were carried out under an argon 
atmosphere, functionalised indoles 1.71 were prepared in moderate yields.  On the other 
hand, when the same reactions were carried out in air, the corresponding oxo-derivatives 1.72 
were isolated instead. 
 
Scheme 25 Synthesis of 3-functionalised indoles 
In addition to these three-component reactions, Song has recently reported two four-
component reactions for the synthesis of both γ-nitro imidates126 and 4-(alkoxycarbonyl)-
pent-4-enimidates.127 The facile synthesis of ketenimine derivatives and the variety of 
available nucleophiles should lead to the synthesis of a wide range of challenging targets and 
it is expected that this methodology will be further explored. 
1.3.3. CuAAC reactions with silver, aluminium and gold acetylides 
Silver acetylides are also known to participate in azide-alkyne cycloaddition reactions. In 
2006, Aucagne and Leigh reported a one-pot silver(I)-mediated deprotection of 
trimethylsilyl-protected alkynes/CuAAC sequence that gave the corresponding 5-H triazoles 
in excellent yields.128 Williams later showed that pre-formed silver acetylides could be 
employed in the CuAAC reaction (Scheme 26).129 In this particular reaction, 1,10-
phenanthroline was employed as a ligand, but it should be noted that the solvent, pyridine, 
can also act as a ligand, as well as being used to dissolve and break up silver acetylide 
aggregates. Although stoichiometric amounts of silver and inert atmosphere were required for 
this reaction, the expected triazoles were isolated in good to excellent yields by filtration 
through Celite followed by extraction of the resulting filtrate.  
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Scheme 26 CuAAC reaction with silver acetylides 
In 2010, the copper(I)-catalysed cycloaddition of organic azides and aluminium acetylides 
was reported by Micouin (Scheme 27).130 Optimisation of the reaction conditions showed that 
ligands were required to achieve complete conversion of the starting materials. Although long 
reaction times were required (48 h), a range of triazoles could be isolated in good to excellent 
yields after column chromatography. Furthermore, aluminium triazolide intermediates could 
be trapped by a number of different reagents such as N-halosuccimides or chloroformates to 
give the corresponding 5-functionalised-1,2,3-triazoles. 
 
Scheme 27 Copper-catalysed azide-aluminium acetylide cycloaddition reaction 
The cycloaddition reaction of gold acetylides with azides using 10 mol % [Cu(NCMe)4]PF6 
was reported by Gray ( Scheme 28).131 Due to the strength of the Au‒C bond, gold(I)-
triazolate products, instead of 5-H triazoles, were isolated by recrystallisation.  
 
 Scheme 28 Azide-gold acetylide cycloaddition reaction  
1.4. Other metal-catalysed azide-alkyne cycloaddition reactions 
Although most efforts in metal-catalysed azide-alkyne cycloaddition chemistry have been 
focused on the development and applications of the CuAAC reaction, it should be noted that 
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silver,132,133 zinc134-136 and ruthenium (see Chapter 3) have been reported to mediate the 
formation of 1,4-disubstituted triazoles. 
In 2011, McNulty reported the first well-defined silver-catalysed azide-alkyne cycloaddition 
(AgAAC) reaction using silver(I) complex 1.73 (Scheme 29).132 The reaction using the 
corresponding silver triflate complex only gave 5% triazole, suggesting that a silver(I) source 
alone is insufficient. 
 
Scheme 29 Silver-catalysed azide-alkyne cycloaddition reactions 
Although the cycloaddition reaction proceeded at room temperature in toluene, full 
conversion into triazole required the use of 20 mol % catalyst and 4.8 equivalents of azide 
relative to the alkyne. The same group later reported that air-stable silver complex 1.74 
catalysed the AgAAC reaction at 2-2.5 mol % [Ag].133 Although this catalyst was only 
moderately active in toluene at room temperature, heating to 90 °C allowed for the formation 
of a range of triazoles at low catalyst loading. Furthermore, only 1.5 equivalents of azide 
were required to achieve full conversion into the corresponding triazoles, which could be 
isolated in good to excellent yields after column chromatography. 
Mechanistic studies suggested that an in situ-generated silver acetylide intermediate is more 
likely to form than a silver π-complex. Hence, when benzyl azide was reacted with deuterated 
phenylacetylene under the standard reaction conditions, the corresponding triazole was 
isolated with 55% loss of deuterium.  
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Recently, two heterogeneous zinc catalysts have been reported to catalyse azide-alkyne 
cycloaddition reactions.134,135 In 2011, Kidwai reported that water-soluble complex zinc(II) L-
prolinate could catalyse the three-component reaction of an organic halide, sodium azide and 
phenylacetylene on water under reflux (Scheme 30).136 A number of different functional 
groups were tolerated, such as olefins, alcohols, esters and nitro groups, and the expected 
triazoles were isolated in good to excellent yields after column chromatography. In addition, 
the catalyst could be recycled up to four times without any significant loss in activity.  
 
Scheme 30 Zinc-catalysed azide-alkyne cycloaddition reaction 
1.5. Project aims 
The aim of this project is to develop well-defined catalytic systems for the synthesis and 
functionalisation of heterocycles, with a particular focus on 1,2,3-triazoles. At the beginning 
of this project, in 2009, the number of pre-formed copper(I) catalysts used for the 
cycloaddition of organic azides and terminal alkynes was surprisingly small, considering the 
potential applications of the corresponding triazoles. In particular, the use of phosphorus-
containing ligands in this context was largely unexplored, which is surprising since these 
ligands are ubiquitous in organometallic chemistry and catalysis. 
A library of copper(I) complexes bearing phosphorous ligands will be prepared and tested as 
catalysts for the cycloaddition reaction of organic azides and terminal alkynes. Initially, 
different parameters such as solvent, temperature and catalyst loading will be studied for a 
model reaction. It will be of interest to perform a thorough screening of the complexes to 
observe any trends in the catalytic results obtained for the cycloaddition reactions. Overall, a 
better understanding of the effect of ligands would allow for a higher number of applications 
to be carried out under strict Click conditions, which in turn, would lead to more sustainable 
and economical transformations. 
In addition to the CuAAC reaction, the related ruthenium(II)-catalysed azide-alkyne 
cycloaddition reaction will be studied. This particular transformation has received much less 
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attention, and our aims include the development of water-soluble ruthenium(II) catalysts 
which have potential applications in biological and aqueous chemistry. 
The catalytic systems described in this introductory chapter relate to the cycloaddition 
reactions of terminal alkynes and the involvement of copper acetylide species. Alternatively, 
a range of metals will be tested in the cycloaddition reactions of azides with internal alkynes. 
Furthermore, the copper(I)-catalysed azide-iodoalkyne cycloaddition reaction will be 
examined, since the reaction products, 5-iodo-1,2,3-triazoles, are versatile synthetic 
intermediates amenable for further functionalisation. The number of reported catalytic 
systems for this transformation is surprisingly small, therefore the development of efficient, 
expedient and economical catalysts for their preparation is of great interest.  
The functionalisation reactions of 5-iodo-1,2,3-triazoles will also be explored. In particular, 
radical cyclisation reactions and copper-catalysed C‒O bond forming reactions will be 
studied. Finally, direct arylation reactions of 1,4-disubstituted triazoles will be attempted in 
order to furnish fully-substituted 1,2,3-triazoles. 
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2. Copper(I) Complexes Bearing 
Phosphorous Ligands for Click Azide-
Alkyne Cycloaddition Reactions 
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2.1. Introduction 
Ubiquitous in organometallic chemistry, it is surprising that phosphorus-based ligands have 
not been well-studied in the CuAAC reaction (see Section 1.3.1.3). All reported systems 
require the use of column chromatography to purify the triazole products, a technique 
precluded by Click postulates.91,94 Thus, the development of pre-formed copper complexes 
that can catalyse this cycloaddition reaction to give highly pure triazoles without the need for 
column chromatography is of great interest. 
2.2. Preparation of phosphorous ligands 
While triphenylphosphine and triphenylphosphite are commercially available, the related 
phosphinite and phosphonite ligands were prepared following the procedure described by 
Mukaiyama.137 The reaction of chlorodiphenylphosphine with phenol in THF at RT under 
inert atmosphere furnished phosphinite ligand 2.1, and a similar procedure was used to 
prepare phosphonite ligand 2.2 (Scheme 31). Both ligands were isolated in excellent yields 
after a simple filtration through an alumina and Celite plug to remove the formed 
triethylammonium chloride. Unlike the chlorophosphine precursors, 2.1 and 2.2 are stable to 
air, moisture and storage. 
Similar ligands containing other substituents were also prepared. Firstly, the known ligand 2-
methoxyphenyldiphenylphosphinite 2.3 was isolated in 75% yield.137 By employing the same 
methodology, novel ligand 2.4 was isolated as a viscous oil in 75% yield. The preparation of 
the 4-methoxy analogue 2.5 was achieved in 98% yield, however this ligand is very unstable 
and decomposes within 24 h of preparation and in consequence, must be used immediately 
after isolation. Finally, the preparation of a sulfur-containing phosphinite ligand was 
attempted using 2-methylsulfanylphenol as the starting phenol. The reaction of this phenol 
with chlorodiphenylphosphine gave a crude mixture containing five different 31P 
environments; however the major peak was observed at 111.8 ppm, in the expected region. 
Phosphinite 2.6 was deemed to be at least 90% pure (by 31P NMR spectroscopy) and hence 
used for the synthesis of copper complexes.  
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Scheme 31 Preparation and 31P NMR signals (CDCl3, H3PO4 as internal standard) for phosphinite and 
phosphonite ligands 
Attempts to prepare ligands containing other functional groups using this methodology were 
unsuccessful. Hence, the reaction of nitrophenols with chlorophosphines was attempted using 
the Mukaiyama approach (Scheme 32, conditions A), but unfortunately this resulted in an 
intractable orange mixture containing at least 15 different species, according to the 31P NMR 
spectrum of the crude mixture. The desired product is expected to give a resonance at around 
δ 110 ppm, and a resonance at δ 111.3 ppm was indeed observed, but only as a minor product 
(≈5%).  
 
Scheme 32 Attempted syntheses of 2.7 
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n-BuLi was then chosen as an alternative to triethylamine, since it had previously been 
employed for the preparation of alkoxydiphenylphosphines.138 Using this methodology 
(Scheme 32, conditions B), the reaction also gave a crude orange residue, this time containing 
at least 7 different species as observed by 31P NMR spectroscopy, with only a minor 
resonance at 111.3 ppm (≈5%). 
Attempts to isolate analogous 4-nitrophenyl diphenylphosphinite 2.8 using 4-nitrophenol 
were also unsuccessful (Eq. 2.1). The reaction using triethylamine as a base yielded an 
orange residue containing ten different 31P environments; although the major peak, at 114.4 
ppm, possibly corresponded to desired product 2.8. Disappointingly, attempts to isolate 2.8 
by filtration through an alumina and Celite plug, or by chromatography were unsuccessful 
due to the instability of 2.8 toward oxygen.  
 
The synthesis of ligands derived from 2-cyanophenol was attempted (Scheme 33). The 
reaction using triethylamine as a base gave an inseparable mixture containing ten different 
31P signals, with one minor signal at δ 115.3 ppm (≈10%, according to the NMR integration) 
which may be attributed to the expected phosphinite 2.9.  
 
Scheme 33 Attempted synthesis of 2-cyanophenyl diphenylphosphinite 
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Next, the synthesis of 2.9 was attempted using n-BuLi instead but unfortunately, this method 
also gave an inseparable mixture which contained at least eleven different 31P signals, none of 
which resonated at δ 115.3 ppm. 
Efforts to prepare the ligand bis-2-cyanophenyl phenylphosphonite 2.10 were unsuccessful 
(Scheme 34). 31P NMR analysis of the crude reaction mixture obtained from 2-cyanophenol 
and dichlorophenylphosphine showed that six different phosphorus environments were 
present. The major peak was in the expected area, at δ 161.8 ppm. However, following 
filtration through alumina and Celite, this signal was no longer visible in the 31P NMR 
spectrum of the filtrate, suggesting that 2.10 is unstable on alumina and/or air. The low 
resolution mass spectrum of the filtrate showed a peak at m/z = 361, indicative of oxidation 
to the corresponding phosphonate. Similarly, reaction using n-BuLi as a base also gave a 
complex mixture containing at least twelve different phosphorus environments, but in this 
instance, the peak observed at δ 161.8 ppm was a minor product (<5%, determined by 
integration of the NMR signals). 
 
Scheme 34 Attempted synthesis of 2.10 
The synthesis of ligand 2.11 was also attempted (Eq. 2.2), but the 31P NMR spectrum of the 
crude reaction mixture evidenced ten different phosphorus environments. The major peak 
was observed at δ 109.5 ppm, which possibly corresponded to ligand 2.11. After filtration 
through alumina and Celite, the 31P NMR spectrum of the filtrate contained thirteen signals, 
and the peak at δ 109.5 ppm only accounted for 15% of the sample. 
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Surprisingly, attempts to prepare the previously reported air- and moisture-stable ligand 2-
aminophenyl diphenylphosphinite139 2.12 were unsuccessful (Eq. 2.3). A black mixture was 
obtained after the addition of 2-aminophenol to in situ-generated t-BuOK, as expected. 
Addition of chlorodiphenylphosphine gave a light brown mixture, which was stirred 
overnight to yield a beige precipitate, which was isolated by filtration. 31P NMR analysis of 
the dried precipitate showed that the sample contained at least 10 phosphorus environments, 
with one minor peak (≈5%, determined by integration of the NMR signals) at δ 21.9 ppm, 
corresponding to the literature value for the expected product.139 
 
2.3. Preparation of copper(I) complexes 
With a library of phosphorous ligands in hand, the synthesis of complexes was undertaken. 
Copper(I) complexes bearing tertiary phosphine ligands are widely known in the literature 
and complexes of 1:3, 2:3, 1:2 and 1:1 Cu/ligand ratio can be prepared under different 
reaction conditions.140 For instance, reaction of 4 equivalents of triphenylphosphine with 
copper(I) halides give [CuX(PPh3)3] (X = Cl, Br, I), but reaction of an equimolar amount of 
triphenylphosphine with cuprous halides in benzene or chloroform yields copper(I) 
complexes with a 1:1 metal/ligand ratio.141,142 Complexes [Cu2X2(PPh3)3] can be obtained, 
together with [CuX(PPh3)] (X = Cl, Br, I), when a 2:1 PPh3/CuX ratio is used.  
Copper(I) complexes bearing phosphine (PR3), phosphinite [PR
1
2(OR
2)], phosphonite 
[PR1(OR2)2] or phosphite [P(OR)3] ligand were prepared either by the direct complexation of 
a copper(I) source with the ligand of choice, or by reduction of a copper(II) salt in the 
presence of excess phosphorous ligand, as shown in Scheme 35. 
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Scheme 35 General synthesis of copper(I) complexes 
2.3.1. Phosphine complexes                                                                                                                    
Monophosphine complexes [CuCl(PPh3)] 2.13 and [CuBr(PPh3)] 2.14 were prepared as 
previously described in the literature by reacting triphenylphosphine (1.5 equivalents) with 
the copper(I) halide in refluxing ethanol (Scheme 36).143 Pure complexes were isolated by 
filtration of the cooled reaction mixture and washing with ethanol and diethyl ether. 
[CuI(PPh3)] 2.15 was prepared in 95% yield by reacting a stoichiometric amount of 
triphenylphosphine with CuI in anhydrous acetonitrile at room temperature.144 2.15 was 
easily isolated as a white powder by filtration and washing with acetonitrile. 
 
Scheme 36 Preparation of monophosphine complexes 
Trisphosphine complexes [CuCl(PPh3)3] 2.16 and [CuBr(PPh3)3] 2.17 were prepared from the 
corresponding copper(II) halide and an excess (4.25 equivalents) of triphenylphosphine that 
also acts as reducing agent (Scheme 37).145  
 
Scheme 37 Preparation of trisphosphine complexes 
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These complexes were easily isolated in excellent yields and high purity, after simple 
filtration. Alternatively, [CuI(PPh3)3] 2.18 was prepared by reacting three equivalents of 
triphenylphosphine with CuI in dichloromethane.140 Pentane was added to the reaction 
mixture to precipitate the resulting complex, which was isolated in 88% yield after filtration. 
The 31P NMR spectra of these trisphosphine complexes 2.16-2.18 all show sharp singlets, in 
contrast to the corresponding monophosphine complexes 2.13-2.15, which show broad 
singlets. 
2.3.2. Phosphinite and phosphonite complexes  
2.3.2.1. Literature precedents 
Only scarce examples of copper(I)‒phosphinite and phosphonite complexes are known in the 
literature. The first examples of copper(I) ‒phosphinite complexes were reported by Arbuzov, 
who prepared copper iodide complexes {CuI[PPh2(OR)]} (R = Et, n-Pr, n-Bu).
146 Couch and 
Robinson reported the synthesis of a range of metal phosphinite complexes, including 
cationic complexes {Cu[P(OR)Ph2]4}BPh4 (R = Me, Et).
147 In addition, Arena and co-
workers reported the preparation of 2.19 (Figure 22) from [Cu(NCMe)4]BF4 and the 
corresponding ligand in dichloromethane.148 Balakrishna studied the coordination chemistry 
of a bridging diphosphinite, 1,4-bis(diphenylphosphinoxy)benzene, and 2.20 could be 
prepared from CuI and the diphosphinite ligand in a mixture of dichloromethane and 
acetonitrile at room temperature.149 In 2006, Punji reported the synthesis of complexes of 
type 2.21 by complexation of the corresponding copper(I) halides.150  
Copper(I)‒phosphonite complexes are extremely scarce. In 1961, Nishizawa reported 
monophosphonite complexes of type 2.22, which could be prepared by reaction of a copper 
halide with the diisopropylphenyl phosphonite in benzene at room temperature.151 More 
recently, ferrocenyl-bis(phosphonite)152 and bis(pyrid-2-ylmethyl)phenyl phosphonite153 
copper(I) complexes have appeared in the literature. 
It should be noted that complexes 2.19-2.22 are yet to find any applications. Only one 
example of a copper(I)-mediated transformation using a phosphinite ligand has appeared in 
the literature.154 TADDOL-based155 (α,α,α,α-tetraaryl-1,3-dioxolane-4,5-dimethanol) or 
biphenol-based156-159 phosphonite ligands have mainly been applied to 1,4-addition reactions, 
but also for the asymmetric Si‒O coupling of silanes and chiral alcohols.160 Prior to this 
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work, no well-defined copper(I) system with phosphinite or phosphonite ligands had been 
applied to catalysis. 
 
Figure 22 Selected copper(I) complexes bearing phosphinite and phosphonite ligands  
2.3.2.2. Preparation of phosphinite and phosphonite complexes 
In a procedure adapted from the preparation of {[CuI[P(OMe)3]},
161 the reaction between 
copper(I) bromide and one equivalent of 2.1 in anhydrous toluene gave the phosphinite 
complex 2.23 as a white powder in 56% yield, after recrystallisation from toluene/hexane 
(Eq. 2.4). 
 
Several attempts to prepare the chloro and iodo analogues of 2.23 were unsuccessful. The 
reaction of CuCl or CuI with 2.1 in toluene, acetonitrile, dichloromethane or dichloroethane 
led to the complete consumption of the starting ligand, but only the corresponding oxidised 
ligand diphenyl phenylphosphinate could be isolated from the reaction mixture. The in situ-
reduction of CuCl2 by the phosphinite ligand did not lead to any complex formation; again, 
only oxidised ligand could be isolated. 
The reaction of 2.3 with copper(I) bromide in refluxing toluene gave a crude yellow powder, 
which after recrystallisation from toluene/hexane gave complex 2.24 as an off-white solid in 
67% yield (Eq. 2.5). The purity of the complex was confirmed by elemental analysis and 31P 
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NMR spectroscopy, which showed a broad peak at δ 95.2 ppm in CDCl3. Low resolution 
mass analysis of the filtrate obtained in the recrystallisation step gave rise to a peak at m/z = 
325 and the 31P NMR spectrum showed a sharp singlet at δ 31.0 ppm, indicative of oxidation 
of 2.3 to its corresponding known phosphinate.162  
 
As previously mentioned, phosphinite ligand 2.5 is extremely unstable and must be used 
immediately after isolation. Hence, 2.25 could be prepared in 45% yield after reacting 
freshly-prepared 2.5 with copper(I) bromide in refluxing toluene (Scheme 38). Alternatively, 
2.25 could be prepared without isolating ligand 2.5. Firstly, the mixture obtained from the 
reaction of chlorodiphenylphosphine and 4-methoxyphenol in THF was concentrated under 
reduced pressure. A known amount of anhydrous toluene was added to the resulting residue 
to precipitate triethylammonium bromide, and then the required amount of the supernatant 
toluene solution was added to a suspension of copper(I) bromide in toluene and subsequently 
heated under reflux for 18 h. Using this sequence, 2.25 was isolated in a modest 36% yield 
after recrystallisation from toluene/hexane. Although both methods gave similar yields of 
2.25, isolating 2.5 first is probably the better choice, since 2.5 can be isolated in 98% yield 
beforehand and around 10% more 2.25 can be isolated via this two-pot method. 
 
Scheme 38 Syntheses of 2.24 
The reaction of thioether ligand 2.6 with CuBr in boiling toluene was also attempted (Eq. 
2.6). 31P NMR analysis of the crude mixture showed a mixture of seven different species, 
however a broad peak was observed at δ 93.0 ppm, indicating possible formation of complex 
2.26. Recrystallisation of the crude solid from toluene/hexane yielded an off-white solid, 
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which contained four different 31P environments. The filtrate from the recrystallisation step 
was concentrated, yielding an off-white residue that contained three different 31P 
environments, including two broad overlapping peaks at δ 93.0 and 91.0 ppm. This residue 
was washed with methanol, but analysis of the precipitate presented the same two species. 
This could be due to coordination of the thioether group to the copper centre, however, a low 
resolution mass spectrum of the residue showed a peak at m/z = 428, corresponding to 
(M+MeCN‒Br)+, together with an unassigned peak at m/z = 411. 
 
The reaction of commercially-available methyl diphenylphosphinite with copper(I) bromide 
in in toluene under reflux yielded complex 2.27 as an off-white solid in 90% yield (Eq. 2.7). 
The purity of the complex was verified by elemental analysis and 31P NMR analysis, which 
showed a broad singlet at 94.9 ppm.  
 
For these copper(I)-phosphinite complexes, a copper/ligand ratio of 1:1 was expected 
according to the stoichiometry of the reaction. However, the reaction of two equivalents of 
(MeO)PPh2 with copper(I) bromide in refluxing toluene gave an identical 
31P NMR spectrum 
to that of the complex prepared with a 1:1 metal/ligand ratio, suggesting that for these ligands 
in particular, only 1:1 ligand/metal complexes can be isolated. 
Following the standard procedure used for the phosphinite complexes, the reaction of 
copper(I) chloride with phosphonite 2.2 in anhydrous toluene gave a yellow viscous oil (Eq. 
2.8). Addition of methanol caused precipitation an off-white solid, which was recrystallised 
from toluene/hexane to give complex 2.28 in 69% yield. 
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CuBr was added to a solution of PPh(OPh)2 2.2 in toluene and stirred for 3 days at room 
temperature (Eq. 2.9). 31P NMR analysis of the crude product showed a broad peak at δ 121.7 
ppm, an unknown resonance at δ 24.8 ppm and a singlet at δ 11.7 ppm, the latter was 
attributed to the oxidation of the starting ligand into phenyl diphenylphosphonate.163 The 
crude mixture was then washed with methanol to give pure 2.29 in 64% yield. 
 
Complex 2.30 was prepared in 43% yield by the reaction of ligand 2.4 with copper(I) 
bromide in refluxing toluene (Eq. 2.10). The purity of the complex was confirmed by the 
observation of a broad singlet in the 31P NMR spectrum at 133.4 ppm and elemental analysis. 
 
The reaction of commercially available dimethyl phenylphosphonite with CuBr yielded a 
crude off-white solid, which was recrystallised from toluene/hexane to give pure complex 
2.31 in 78% yield (Eq. 2.11). 31P NMR analysis of 2.31 showed a broad singlet at 135.3 ppm. 
Purity was also confirmed by elemental analysis.  
 
2.3.3. Phosphite complexes 
Complexes {CuX[P(OPh)3]} (X = Cl, Br) were prepared following a known procedure, but 
using toluene instead of benzene (Scheme 39).151 Pure complexes 2.32 and 2.33 were isolated 
by recrystallisation of the crude residues with petroleum ether. 
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Scheme 39 Preparation of monophosphite complexes 
The reaction of CuI with two equivalents of triphenylphosphite in toluene gave a crude 
residue that was recrystallised from petroleum ether to give bisphosphite complex 2.34 in 
98% yield.151 Additionally, bisphosphite complex 2.35 was prepared by the reaction of 
copper dichloride dihydrate with two equivalents of triphenylphosphite.164  
 
Scheme 40 Preparation of bisphosphite complexes 
2.4. Characterisation of novel copper(I) complexes 
Novel complexes 2.23, 2.24, 2.25, 2.27, 2.28, 2.29, 2.30 and 2.31 displayed a characteristic 
broad singlet in their respective 31P NMR spectrum (resonances shown in Figure 23). This 
phenomenon is also observed in the 31P NMR spectra of the known 1:1 copper/phosphine 
complexes, suggesting that in solution, aggregates are formed that cannot be resolved on the 
NMR timescale. These complexes are not indefinitely stable to air and moisture. Over time 
(months), the samples tend to turn beige/brown, but can be purified by recrystallisation from 
toluene/hexane. 
In an effort to unambiguously establish the stoichiometry of these novel complexes, mass 
spectral analysis was carried out but unfortunately the obtained results were inconclusive, 
since the molecular ion peak was always be observed. Gratifyingly, material suitable for 
single-crystal X-ray analysis was obtained for complexes 2.23, 2.24, 2.25, 2.28 and 2.31 by 
slow diffusion of hexane in warm toluene solutions (Figure 24). 
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Figure 23 31P NMR signals for novel phosphinite and phosphonite ligands (H3PO4 as internal standard) 
X-ray crystallography of our complexes was carried out by Dr Andrew White. All five 
structures have a cubane-like [Cu4X4] core, with each copper centre having a tetrahedral 
environment comprised of three bridging halogens and a neutral phosphorous ligand. This 
confirmed the originally assumed stoichiometry for these complexes. As expected for a 
complex containing a smaller halogen atom, the copper core is less distorted in 2.28 (X = Cl) 
than in 2.23, 2.24, 2.25 or 2.31 (X = Br), as shown by the X−Cu−X angles (see Appendix). 
These range between 93.56(4) and 98.12(4)° for the chloro species 2.28, while for the bromo 
species 2.23, 2.24, 2.25 and 2.31 they lie in the ranges 93.256(10)−105.903(12), 
98.656(13)−107.119(15), 94.835(18)−101.760(18), and 98.544(12)−103.409(12)°, 
respectively. This same effect is seen for the Cu−X bond lengths (Table 1), which vary 
between 2.3534(11) and 2.4430(11) Å for the chloro species 2.28 and in the ranges 
2.4773(4)−2.5822(4), 2.4572(5)−2.6096(6), 2.4683(4)−2.6102(4), and 2.4945(3)−2.5584(4) 
Å for the bromo species 2.23, 2.24, 2.25 and 2.31 respectively. The shortest intracube 
Cu···Cu distances are 3.0295(4), 3.1643(6), 3.0979(6), 3.1760(9) and 3.0039(7) Å in 2.23, 
2.24, 2.25, 2.28 and 2.31, respectively. All of these distances are significantly longer than the 
sum of the van der Waals radii (2.80 Å), therefore Cu···Cu interactions are unlikely to occur. 
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            2.23 {CuBr[PPh2(OPh)]}                                 2.24 {CuBr[PPh2(OPh-2-OMe)]}                          
 
 
 
 
 
 
          2.25 {CuBr[PPh2(OPh-4-OMe)]}                                 2.28 {CuCl[PPh(OPh)2]}                
 
 
 
 
 
                                                    2.31 {CuBr[PPh(OMe)2]} 
Figure 24 Ball and stick representations of 2.23, 2.24, 2.25, 2.28 and 2.31. Selected bond lengths of the C2-
symmetric complex 2.25 (Å): Cu(1)–Br(1) = 2.4737(7), Cu(1)–Br(2) = 2.5162(11), Cu(1)–Br(1A) = 2.692(3), 
Cu(1)–P(1) = 2.1955(8), Cu(2)–Br(1) = 2.5584(4), Cu(2)–Br(2) = 2.5407(3), Cu(2)–Br(2A) = 2.4945(3), Cu(2)–
P(31) = 2.1796(6).Selected bond lengths of the S4-symmetric complex 2.31 (Å): Cu(1)–Br(1) = 2.5396(4), 
Cu(1)–Br(1B) = 2.4683(4), Cu(1)–Br(1C) = 2.6102(4), Cu(1B) –Br(1) = 2.6102(4), Cu(1C) –Br(1) = 2.4683(4), 
Cu(1)–P(1) = 2.1835(6).  
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Table 1 Selected bond lengths for 2.23, 2.24 and 2.28 
Bond 2.23 2.24 2.28 
Cu(1)–X(1) 2.5043(3) 2.5709(6) 2.4500(10) 
Cu(1)–X(2) 2.5159(3) 2.4572(5) 2.3534(11) 
Cu(1)–X(3) 2.5822(4) 2.5371(5) 2.4083(13) 
Cu(1)–P(1) 2.1934(7) 2.1745(10) 2.1320(11) 
Cu(2)–X(1) 2.5051(3) 2.4873(5) 2.3657(10) 
Cu(2)–X(2) 2.4926(3) 2.6096(6) 2.4304(11) 
Cu(2)–X(4) 2.5692(4) 2.5302(5) 2.4037(11) 
Cu(2)–P(2) 2.1866(6) 2.1848(10) 2.1522(10) 
Cu(3)–X(2) 2.4773(4) 2.6070(5) 2.4158(13) 
Cu(3)–X(3) 2.5483(3) 2.5439(5) 2.4086(14) 
Cu(3)–X(4) 2.5745(3) 2.4723(6) 2.4430(11) 
Cu(3)–P(3) 2.1829(6) 2.1859(9) 2.211(3) 
Cu(4)–X(1) 2.5289(3) 2.4686(5) 2.4029(11) 
Cu(4)–X(3) 2.5265(3) 2.5644(6) 2.3649(12) 
Cu(4)–X(4) 2.5439(3) 2.5588(5) 2.4304(13) 
Cu(4)–P(4) 2.1818(6) 2.1758(10) 2.1453(13) 
 
These cubane-like structures are well-known for copper(I) complexes (Figure 25). For the 
related [CuX(PR3)] complexes, it has been shown that the solid state structure not only 
depends on the complex itself but also on the solvent used to grow the crystal. While the 
phosphine complex [CuCl(PPh3)] has a cubane-like core,
165 the bromine analogue can exhibit 
a cubane core166 or step-configuration167 when crystallised from toluene or chloroform, 
respectively (Figure 25). The use of polar solvents favours a more easily solvatable step-
structure. In our case, attempts to crystallise the phosphinite and phosphonite complexes from 
chloroform or dichloromethane were unsuccessful.   
 
Figure 25 Structures of 1:1 phosphine:copper complexes. Phosphine ligands omitted for clarity. 
74 
 
2.5. Synthesis of azides 
Typically, alkyl azides were prepared by nucleophilic substitution reaction on an organic 
bromide with sodium azide in DMSO.168 Hydrolysis and extraction of the reaction mixture 
with diethyl ether gave the corresponding azides 2.36a-k in good to excellent yields and pure 
enough to be used without further purification (Scheme 41). Azides 2.36a-g and 2.36j-k are 
air- and moisture-stable and can be stored indefinitely at room temperature. It is 
recommended that 2.36h and 2.36i are stored at 4 °C to prevent decomposition. 
 
Scheme 41 Synthesis of alkyl azides. a Reaction performed at 65 °C. 
Similarly, 9-azido-9H-fluorene 2.36l was prepared by the reaction of 9-bromofluorene with 5 
equivalents of sodium azide in water/acetone (Eq. 2.12).169 Despite the large excess of the 
azide ion, the reaction did not proceed to completion and 2.36l was isolated in 83% yield 
after silica gel column chromatography.  
75 
 
 
Tosyl azide 2.36m was prepared in an acetone/water solvent mixture at 0 °C (Eq. 2.13).170 It 
was isolated in high yield by simple extraction of the reaction mixture with diethyl ether. 
2.36m was stored at 4 °C to prevent decomposition. 
 
Neither tertiary azide 1-azidoadamantane 2.36n nor aromatic azide azidobenzene 2.36o can 
be prepared by nucleophilic substitution, therefore different strategies are required for their 
synthesis. 2.36n was prepared by the reaction of 1-bromoadamantane with 
azidotrimethylsilane, using tin(IV) chloride as catalyst (Eq. 2.14).171 2.36n was isolated in 
59% yield after purification by column chromatography. On the other hand, 2.36o was 
prepared by treating aniline with sodium nitrite to form the highly reactive diazonium 
species, which was then intercepted by the azide ion (Eq. 2.15).172 The azide was isolated in 
88% yield by extraction of the reaction mixture with hexane. 
 
More elaborate sugar-based substrates were also prepared ( 
Scheme 42). The hexose sugar D-mannose was protected by acetic anhydride to give 
1,2,3,4,6-penta-O-α,β-D-mannopyranoside 2.37 in 97% yield after column 
chromatography.173 2.37 was then used as a precursor of two different substrates. Glyco-azide 
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2.36p was prepared by the reaction of 2.37 with azidotrimethylsilane, which furnished the 
corresponding azide in 98% yield after column chromatography.68 Additionally, azide 2.36q 
was prepared in two steps from 2.37: substitution of the anomeric acetate group by a 
chloroethyl group to give 2.38 in 76% yield, followed by treatment with sodium azide to give 
glyco-azide 2.36q in 63% yield.174  
 
Scheme 42 Preparation of sugar-based azides 
2.6. Preparation of a glyco-alkyne 
In this project, mostly commercially available alkynes were used as substrates. However, the 
cycloaddition reactions of a more elaborate sugar-based substrate was also studied. Reaction 
of 2.37 with propargyl alcohol in the presence a Lewis acid gave propargylated sugar 2.39 in 
87% yield after column chromatography (Eq. 2.16).175 
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2.7. Catalytic studies – CuAAC reaction 
In a first stage, among all the synthesised copper(I) complexes, only the ligands bearing 
phenyl/phenoxy groups on the phosphorus centre were tested in order to determine the most 
promising ligand series. The cycloaddition reaction of benzyl azide 2.36a with 
phenylacetylene was chosen as the model reaction, which was performed in H2O/t-BuOH 
(Table 2). The reaction conversions were calculated by integration of the 1H NMR signals 
corresponding to the benzylic protons for the product triazole 2.40a and starting azide 2.36a 
(5.59 and 4.34 ppm, respectively). Only starting materials or triazole products were observed 
by 1H NMR spectroscopy, since pleasingly no byproducts were formed during the reactions. 
In addition, no blue/green colour – indicating oxidation to copper(II) – nor disproportionation 
leading to copper(0) precipitation was observed during the complex screening process. 
Among the 1:1 copper:ligand complexes, novel complexes outperformed the known 
phosphine and phosphite complexes. The phosphinite (Table 2, entry 4) and phosphonite 
(Table 2, entries 5 and 6) complexes gave the fastest reactions, with the 2.29 being the most 
efficient. Monophosphite complexes 2.32 and 2.33 (Table 2, entries 7 and 8) showed similar 
activities to the analogous monophosphine complexes 2.13 and 2.14 (Table 2, entries 1-3). 
Additional ligands on the copper centre did not necessarily translate into an improved 
catalytic performance, as monophosphite complex 2.32 and bisphosphite complex 2.35 gave 
similar conversions after 24 h, however bisphosphite complex 2.34 only showed very poor 
activity. No general correlation between the reaction outcome and the halogen on the copper 
centre could be established. 
Overall, trisphosphine complexes 2.16-2.18 (Table 2, entries 11-13) were better catalysts for 
this transformation than their monophosphine analogues 2.13-2.15 (Table 2, entries 1-3), 
suggesting a ligand/copper ratio of 3:1 is optimal. It is important to note that only when using 
trisphosphine complexes, the reaction mixtures turned bright orange almost immediately after 
the addition of phenylacetylene, which has previously been attributed to the formation of 
copper acetylide species.115,176,177 This colour disappeared by the end of the reaction, as all of 
the starting materials were consumed. Additional phosphine ligands on the copper centre may 
accelerate the rate of copper acetylide species formation or stabilise them, allowing a higher 
concentration in the reaction media. Alternatively, the presence of extra ligands on the copper 
centre might influence copper acetylide aggregation during the reaction. 
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Table 2 Screening of copper catalysts in the azide-alkyne cycloaddition reactiona 
 
Entry [Cu] Time/h Conversion/%b 
1 [CuCl(PPh3)] 2.13 24 47 
2 [CuBr(PPh3)] 2.14 24 38 
3 [CuI(PPh3)] 2.15 24 14 
4 {CuBr[PPh2(OPh)]} 2.23 8 >95 
5 {CuCl[PPh(OPh)2]} 2.28 8 >95 
6 {CuBr[PPh(OPh)2]} 2.29 5 >95 
7 {CuCl[P(OPh)3]} 2.32 24 57 
8 {CuBr[P(OPh)3]} 2.33 24 36 
9 {CuI[P(OPh)3]2} 2.34 24 5 
10 {CuCl[P(OPh)3]2} 2.35 24 54 
11 [CuCl(PPh3)3] 2.16      2.5 >95 
12 [CuBr(PPh3)3] 2.17 2 >95 
13 [CuI(PPh3)3] 2.18 4 >95 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol phenylacetylene, [Cu] (5 mol %), 0.5 mL water/t-
BuOH (1:1). b 1H NMR azide conversions are the average of at least two independent experiments. 
To further investigate the importance of the copper/ligand ratio in this cycloaddition reaction, 
different amounts of triphenylphosphine were added to the reaction mixture containing the 
best performing monophosphine complex [CuCl(PPh3)] 2.13, benzyl azide and 
phenylacetylene (Table 3). A significant increase in the rate of reaction was observed when 5 
mol % of PPh3 was added to the reaction mediated by 5 mol % [CuCl(PPh3)] (Table 3, entry 
2). A further increase in the rate was observed when 10 mol % of free ligand was used (Table 
3, entry 3), but not with higher loadings in PPh3 (Table 3, entries 4 and 5). Interestingly, the 
addition of extra PPh3 led to orange reaction mixtures, as previously observed with 
trisphosphine complexes 2.16-2.18. It is important to note that, regardless of the amount of 
free phosphine used, pre-formed complex [CuCl(PPh3)3] 2.16 still gave the best catalytic 
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result (Table 3, entry 6), highlighting the advantage of using pre-formed complexes over in 
situ-generated species.  
Table 3 Effect of PPh3 in the CuAAC reaction
a 
 
Entry PPh3/ X mol % Time/h Conversion/%
b 
1 0         24             47c 
2 5          6          >95 
3 10          5          >95 
4 15          5          >95 
5 20          5          >95 
6 [CuCl(PPh3)3] 2.16 (5 mol %)   2.5          >95 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol phenylacetylene, [CuCl(PPh3)] 2.13 (5 mol %), 
PPh3 (X mol %), 0.5 mL water/t-BuOH (1:1). 
b 1H NMR azide conversions are the average of at least two 
independent experiments. c 68% conversion achieved after 48 h stirring. 
Known 3:1 metal complexes have been used as catalysts in this cycloaddition reaction, but 
the reaction conditions had not been fully optimised.89 Novel 1:1 ligand/metal complexes also 
show promise and should be further explored. Firstly, the optimisation studies and scope 
using complexes with a 1:1 copper/ligand ratio will be presented, followed by the reactions 
using the most active complex [CuBr(PPh3)3] 2.17. 
2.7.1. CuAAC with 1:1 metal/ligand complexes 
As previously shown in Table 2, novel phosphinite and phosphonite complexes displayed the 
best activity among the 1:1 metal/ligand complexes in the cycloaddition reaction of benzyl 
azide and phenylacetylene. No bright yellow colour attributed to the formation of copper 
acetylide species, was observed in the reactions with any of these complexes. However, when 
5 mol % of free ligand 2.1 was added to the reactions using copper(I)-phosphinite complex 
{CuBr[PPh2(OPh)]} 2.23 as catalyst, a higher rate of reaction was observed, along with the 
observation of a bright yellow colour during the reaction (Table 4, entry 2). A further 
enhancement was observed when 10 mol % free ligand was used, but not with higher 
loadings (Table 4, entry 3). Although only 1:1 metal/ligand ratio complexes could be 
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prepared (see Section 2.3.2.2), the excess ligand may provide some stabilisation or allow a 
higher concentration of the required copper acetylide species to be formed in the reaction 
mixture, accelerating the rate of reaction. 
Table 4 Phosphinite effect in the model reactiona 
 
Entry PPh2OPh/ X mol % Time/h Conversion/%
b 
1 0            8 >95 
2 5            5.5 >95 
3 10, 15 or 20            4.5 >95 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol phenylacetylene, {CuBr[PPh2(OPh)]} 2.23 (5 
mol %), PPh2OPh 2.1 (X mol %), 0.5 mL water/t-BuOH (1:1).
 b 1H NMR azide conversions are the average of at 
least two independent experiments. 
Optimisation of the reaction conditions using the best-performing 1:1 copper/ligand ratio 
complex {CuBr[PPh(OPh)2} 2.29 as catalyst showed that water was the best reaction medium 
for this transformation (Table 5, entry 1). A poor conversion was observed under solvent-free 
conditions in the same reaction time, although 93% conversion was observed after 48 h 
stirring (Table 5, entry 3). Taking into account the high activity of copper(I) complexes in 
this cycloaddition reaction, one might argue that all copper(I) complexes would catalyse the 
CuAAC reaction under solvent-free conditions. This is not the case, and only a handful of 
catalysts have been shown to provide short reaction times when used neat.50,74,94,178 
Gratifyingly, the catalyst loading could be lowered to just 0.5 mol % [Cu] on water whilst 
still achieving complete conversion in just 5.5 h (Table 5, entry 5). 
With the optimised conditions for complex 2.29 in hand, the other catalysts 2.24, 2.25, 2.27, 
2.29, 2.30 and 2.31 were tested under the optimised reaction conditions (Scheme 43). All 
these exhibited very similar catalytic activity, with complete conversions in 5–6 h. The only 
exception was phosphinite complex 2.24 which reduced the required reaction time to just 3 h.  
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Table 5 Optimisation of the solvent and catalyst loadinga 
 
Entry [Cu]/ X mol % Solvent Time/h Conversion/%b 
1 5 H2O 1 >95 
2 5 H2O/t-BuOH 5 >95 
3 5 Neat 5      7c 
4 1 H2O    4.5 >95 
5    0.5 H2O    5.5 >95 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol phenylacetylene, {CuBr[PPh(OPh)2]} 2.29 (X 
mol %), 0.5 mL solvent. b 1H NMR conversions are the average of at least two independent experiments. c 29% 
conversion observed after 24 h, 93% conversion observed after 48 h. 
 
Scheme 43 Catalyst screening for the CuAAC reaction. Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 
mmol phenylacetylene, [Cu] (0.5 mol %), 0.5 mL water. b 1H NMR azide conversions are the average of at least 
two independent experiments. 
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One possible explanation for the enhanced reactivity of 2.24 is that oxygen coordination of 
the ortho-anisyl group might provide a beneficial stereoelectronic effect on the copper centre 
(Figure 26). Although such an interaction was not observed in the solid state, the obtained 
tetrameric structure is unlikely to remain intact in solution, which would enable the proposed 
interaction. The related phosphonite complex 2.30, which has two methoxy groups per 
copper centre, gave no enhancement of the reaction rate, and was just as active as the other 
tested complex. 
 
 
Figure 26 Postulated interactions in catalysts 2.24 and 2.30 
With an optimised catalytic system in hand, the scope of the reaction was explored using 
catalyst 2.24. In most cases, the triazole products precipitated out of the reaction mixture and 
could be isolated by simple filtration and washing with water and pentane. Oily triazoles 
were isolated from the reaction mixture by extraction with ethyl acetate. It has previously 
been shown that free amines can deactivate the catalyst in this cycloaddition reaction.70 
Interestingly, when dimethyl-prop-2-ynyl-amine was used as the alkyne (triazoles 2.40d and 
2.40g) a blue/grey colour was observed, probably due to nitrogen binding to the copper 
centre. Gratifyingly, this had no real effect on the catalytic ability of {CuBr[PPh2(OPh-2-
OMe)]} 2.24 and good conversions to triazoles were observed in both cases.  When prop-2-
yn-1-ol was used, no colour change was observed in this reaction mixture, but incomplete 
conversion to triazole 2.40k was observed. Increasing the catalyst loading to 1 mol % did not 
have any effect on the reaction outcome.  
Phosphinite-copper(I) complex {CuBr[PPh2(OMe)]} 2.27 was also tested for the preparation 
of 1,2,3-triazoles (Scheme 44, triazoles 2.40a, 2.40d and 2.40e). Although this catalyst did 
not display the best activity during the optimisation studies, it has the advantage of being 
prepared in very high yields from commercially available starting materials. Indeed, 
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{CuBr[PPh2(OMe)]} 2.27 displayed high activity in this cycloaddition reaction, providing a 
new convenient catalyst for this transformation. 
 
Scheme 44 Scope of the {CuBr[PPh2(OPh-2-OMe)]}-catalysed azide-alkyne cycloaddition reaction. 
a Reaction 
run with 0.5 mol % {CuBr[PPh2(OMe)] 2.27. 
b 1 mol % {CuBr[PPh2(OPh-2-OMe)]} 2.24 used. 
2.7.1.1. {CuBr[PPh2(OPh-2-OMe)]}-catalysed three component reaction 
Aryl boronic acids can be converted into azides via a copper(I)-catalysed process.179 With 
this in mind, it was envisaged that a one-pot procedure could be applied to generate 1,4-
disubstituted triazoles by the in situ generation of azides from aryl boronic acids.  
4-Methoxyphenylboronic acid and phenylacetylene were chosen as the model reagents, and 
an initial attempt using 5 mol % {CuBr[PPh2(OPh-2-OMe)]} 2.24 in MeOH/H2O where all 
reagents were added together gave only 7% conversion into the expected triazole 2.40l, 
observed by 1H NMR spectroscopy (Scheme 45, conditions A). Pleasantly, when the alkyne 
component was added after 18 h stirring, the reaction conversion increased to 70%, 
suggesting that the presence of an alkyne might inhibit the formation of the azide. 
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Scheme 45 Preparation of triazoles via in situ-generated azides 
Table 6 Solvent screening in the three-component reactiona 
 
Entry       Solvent Conversionb 
1 MeOH/H2O  70
c 
2 MeOH 52 
3 H2O 41 
4 Acetone 29 
5 MeCN 36 
6 Toluene 20 
a Reaction conditions: 0.5 mmol 4-methoxyphenyl boronic acid, 0.65 mmol sodium azide, {CuBr[PPh2(OPh-2-
OMe)]} 2.24 (0.5 mol %), solvent (3 mL), room temperature, 18 h then 0.5 mmol phenylacetylene, RT, 6 h.                
b 1H NMR azide conversions are the average of at least two independent experiments. c 73% conversion 
observed at 40 °C. 
Encouraged by these results, a solvent screen was performed for this reaction (Table 6). All 
new solvents tested led to a reduced catalytic performance when compared to the original 
methanol/water mixture (Table 6, entry 1 vs entries 2-6). In most cases, incomplete 
conversion to the required azide was observed. Interestingly, neither pure methanol (Table 6, 
entry 2) nor pure water (Table 6, entry 3) were as efficient as the 1:1 mixture of MeOH/H2O. 
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Heating the reaction in MeOH/H2O to 40 °C only led to 73% conversion into 2.40l, but in 
this case, the starting boronic acid was completely consumed and converted into the 
corresponding azide. {CuBr[PPh2(OPh-2-OMe)]} 2.24 represents a novel, convenient yet 
active catalyst for this three-component reaction. 
2.7.2. CuAAC with 3:1 ligand/copper complex [CuBr(PPh3)3] 2.17 
As shown in Table 2, trisphosphine complexes 2.16-2.18 displayed the best activity among 
all of the tested complexes, with [CuBr(PPh3)3] 2.17 outperforming its chloro and iodo 
analogues. Accordingly, different solvents were screened using this catalyst (Table 7). All 
organic solvents led to a reduced catalytic performance when compared to the original 
water/t-butanol mixture (Table 7, entries 2-6), but were still efficient, making the system 
applicable to non-water tolerant substrates due to the solubility of [CuBr(PPh3)3]. The 
reaction on water proceeded to completion in 2 h (Table 7, entry 7), which is unsurprising 
since water was the best solvent for the 1:1 ligand/copper complexes (see Table 5) and is also  
known to accelerate, among other transformations, cycloaddition reactions.180,181 The shortest 
reaction time was observed in the absence of solvent (Table 7, entry 8). 
Table 7 Solvent screening for the [CuBr(PPh3)3]-catalysed CuAAC reaction
a 
 
Entry Solvent Reaction time/h Conversion/%b 
1 H2O/t-BuOH (1:1) 2 >95 
2 Acetone 6 >95 
3 MeCN 6 >95 
4 DMSO 3 >95 
5 Ethanol 8 70 
6 i-Propanol 8 69 
7 H2O 2 >95 
8 Neat 1 >95 
a Reaction conditions: 0.5 mmol benzyl azide, 0.5 mmol phenylacetylene, [CuBr(PPh3)3] 2.17 (5 mol %), 0.5 mL 
solvent, room temperature. b 1H NMR azide conversions are the average of at least two independent 
experiments. 
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Next, the catalyst loading was optimised. Lowering the [Cu] to 2 mol % only marginally 
increased the reaction time (Table 8, entry 2). Pleasantly, the catalyst loading could be 
lowered down to 0.5 mol % [Cu] while keeping short reaction times (Table 8, entry 4). The 
model reaction still proceeded to completion with only 0.1 mol % [Cu] (Table 8, entry 5), but 
a significantly longer reaction time was required.  
Table 8 Optimisation of the catalytic loading using [CuBr(PPh3)3]
a 
 
Entry [Cu]/X mol % Time/h Conv/%b 
1 5       1 >95 
2 2            1.25 >95 
3 1          2.5 >95 
4    0.5       3 >95 
5    0.1       9 >95 
a Reaction conditions: 0.5 mmol benzyl azide, 0.5 mmol phenylacetylene, [CuBr(PPh3)3] 2.17 (X mol %), neat, 
room temperature. b 1H NMR azide conversions are the average of at least two independent experiments. 
With an optimised system in hand, the scope of the [CuBr(PPh3)3]-catalysed azide-alkyne 
cycloaddition reaction was next explored (Scheme 46). A variety of triazoles could be 
isolated in excellent yields and short reaction times. Pleasantly, the system was tolerant to a 
number of diverse functional groups, including esters, alcohols, amines, pyridines, nitriles 
and halogen atoms. Reactions with propargyl benzoate, ethyl propiolate and N,N-dimethyl-2-
propynylamine led to particularly short reaction times (2.40b, 2.40s, 2.40t and 2.40z). 
Triazole products were easily isolated in all cases by extraction with ethyl acetate followed 
by concentration or by filtration and washing with pentane. 
Only the starting materials were recovered from the reaction of tosyl azide 2.36m and 
phenylacetylene, which could be due to its electron-deficiency being incompatible with our 
catalyst or the reaction conditions. Also, no reaction was observed between 1-
azidoadamantane 2.36n and phenylacetylene, even after prolonged reaction times or higher 
catalyst loading (2 mol %).  
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Scheme 46 Scope of the [CuBr((PPh3)3]-catalysed azide-alkyne cycloaddition reaction. Isolated yields are the 
average of at least two independent runs. 
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The reaction of 2.36n with the more activated ethyl propiolate was attempted but gave only 
53% conversion to 2.40aa after 24 h stirring at room temperature (Table 9, entry 1). A higher 
conversion was observed when the [Cu] was increased to 2 mol %. This reaction was then 
heated to 40 °C, but under these reaction conditions, small amounts of the 1,5-regioisomer 
2.41aa were observed by integration of the 1H NMR signals of the triazole protons for 2.40aa 
and 2.41aa, which displayed resonances at δ 8.14 and 8.17 ppm, respectively (Table 9, entry 
3). The control reaction, performed with no catalyst (Table 9, entry 4) gave essentially the 
same result as the reaction with 0.5 mol % [Cu] (Table 9, entry 3) at 40 °C. In this case, the 
reaction is not copper-catalysed and 2.40aa was the major product.  
Table 9 Reaction of 1-azidoadamantane and ethyl propiolatea 
 
Entry T/ °C [Cu]/ X mol % Conversion/%b 2.40aa:2.41aac 
1 25    0.5 53 100:0 
2 25 2 62 100:0 
3 40    0.5 87     90:10 
4 40 0 90     90:10 
a Reaction conditions: 0.5 mmol 1-azidoadamantane, 0.5 mmol ethyl propiolate, [CuBr(PPh3)3] 2.17 (X mol %), 
neat. b 1H NMR conversions are the average of at least two independent experiments. c Determined by 1H NMR 
analysis of the reaction mixture. 
The mild reaction conditions developed for [CuBr(PPh3)3] 2.17 are in stark contrast to the 
original report.89 This work has shown that 2.17 can be used at room temperature, at low 
catalyst loadings and without any additives (compared to using 10-20 mol % [Cu] loading 
under microwave irradiation, with up to 3 equivalents of DIPEA or DBU). Nevertheless, the 
Santoyo-González group used more challenging sugar-based substrates, hence, our optimised 
reaction conditions were next applied to more elaborate glyco-azides and alkynes. 
Compound 2.36p was reacted with phenylacetylene at 0.5 mol % catalyst loading, however 
the reaction only proceeded to 44 and 59% conversion after 24 h and 60 h, respectively. 
Gratifyingly, increasing the catalyst loading to 2 mol % was sufficient to give complete 
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conversion to 2.40ab and was isolated pure in 97% yield after filtration and washing with 
pentane (Eq. 2.17).   
 
Next, 2.36q was reacted with two different alkynes, phenylacetylene and 2.39 (Scheme 47). 
The reaction of 2.36q with phenylacetylene or 2.39 at 2 mol % [Cu] under neat conditions 
gave no conversion, which was attributed to poor stirring/mixing of the reaction mixture. 
Using water as the reaction medium increased the reaction conversions to 28% and 17% for 
2.40ac and 2.40ad, respectively. In the original report, toluene was used as a solvent to 
ensure the reaction mixture remained homogenous. Remarkably, just 0.5 mol % [Cu] in 
toluene was sufficient to furnish the novel triazole 2.40ac and previously reported triazole 
2.40ad in high yields. The formed triazoles were isolated by concentration of the reaction 
mixture, without the need for column chromatography.  
2.7.2.1. [CuBr(PPh3)3]-catalysed synthesis of triazoles at low catalyst loadings  
The remarkable activity of the optimised catalytic system led us to explore the possibility of 
further decreasing the amount of copper used in this transformation (Table 10). Astoundingly, 
the catalytic loading could be lowered to just 100 ppm [Cu] whilst ensuring a high conversion 
into 2.40a after 24 h at room temperature (Table 10, entry 2). Raising the temperature to 40 
°C did not lead to any catalytic improvement, which is surprising as no evident catalyst 
decomposition was observed (Table 10, entry 4). At 50 ppm [Cu] and 40 °C (Table 10, entry 
5), formation of the regioisomeric 1,5-disubstituted triazole 2.40a was observed by 1H NMR 
spectroscopy. The benzylic protons of 2.40a resonate at 5.55 ppm, 0.04 ppm upfield from the 
benzylic protons of 2.40a.182 Integration of these signals showed a 2.5:1 ratio in favour of 
2.40a. 
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Scheme 47 [CuBr(PPh3)3]-mediated preparation of glyco-triazoles 
Table 10 Model reaction at low catalyst loadingsa 
 
Entry [Cu]/ X mol % T/ °C Conversion/%b 2.40a:2.40ac 
1 0.05 25 100 100:0 
2 0.01 25 75 100:0 
3   0.005 25 8 100:0 
4 0.01 40 69 100:0 
5    0.005 40 12   2.5:1 
a Reaction conditions: 0.5 mmol benzyl azide, 0.5 mmol phenylacetylene, [CuBr(PPh3)3] 2.17 (X mol %), neat.          
b 1H NMR conversions are the average of at least two independent experiments. c Determined by 1H NMR 
analysis of the reaction mixture. 
Since 0.01 mol % [Cu] was the lowest loading that could be used to give a synthetically 
useful yield after 24 h at room temperature, the scope of the cycloaddition reaction was 
explored further using this catalyst loading (Scheme 48). For many substrates, this proved to 
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be unsuccessful and low conversions were observed after 24 h (triazoles 2.40m-s). However, 
triazoles 2.40a and 2.40w could be prepared in good yields with 100 pm [Cu]. Gratifying, for 
triazole 2.40z, the catalyst loading could be lowered to just 50 ppm whilst ensuring a high 
conversion. 
 
Scheme 48 [CuBr(PPh3)3]-catalysed synthesis of triazoles at low catalyst loadings. 
1H NMR conversions are the 
average of at least two independent experiments. a Not a copper-mediated process, 85:15 mixture of 1,4-:1,5-
disubstituted triazoles observed by 1H NMR spectroscopy. 
For triazole 2.40t, the cycloaddition took place with just 10 ppm of [Cu], however both 
regioisomers were formed in this case. Blank reactions showed that in the absence of copper, 
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80% of the starting materials were converted into a mixture of regioisomers at room 
temperature. It is important to note that 0.5 mol % [Cu] ensured the reaction to proceed via a 
copper-catalysed process, suppressing the formation of the 1,5-regioisomer. 
2.7.2.2. [CuBr(PPh3)3]-catalysed three-component reaction 
The preparation of triazoles via the three-component reaction183 between in situ-generated 
azides and alkynes in the presence of 0.5 mol % [Cu] was also studied (Table 11). A solvent 
screening was first performed as generating organic azides under solvent-free conditions is 
not recommended due to the explosive nature of both sodium azide and organic azides. Water 
was the best solvent for this transformation (Table 11, entry 1), whereas organic solvents 
DMF, acetone and DMSO gave no conversion after 24 h (Table 11, entries 3-5). It is 
important to note that the reactions of isolated azides with alkynes proceeded smoothly in 
DMSO or acetone with 5 mol % 2.17 in 3 or 6 h respectively (see Table 7). Under the 
conditions depicted in Table 11, only the conversion of benzyl bromide to its corresponding 
azide was observed by 1H NMR analysis. 
Table 11 Solvent screening in the three-component reactiona 
 
Entry Solvent Time/h Conversion/%b 
1 H2O   7     >95 
2 H2O/DMSO (1:1 v/v)   7       65 
3 DMF 24      <5 
4 Acetone 24                    <5 
5 DMSO 24      <5 
a Reaction conditions: 0.5 mmol benzyl bromide, 0.5 mmol phenylacetylene, 0.65 mmol sodium azide, 
[CuBr(PPh3)3] 2.17 (0.5 mol %), 0.5 mL solvent, room temperature. 
b 1H NMR conversions are the average of at 
least two independent experiments. 
We postulated that the byproduct of the azide formation reaction, sodium bromide, might 
inhibit triazole formation. To test this hypothesis, the reaction of benzyl azide with 
phenylacetylene with 0.5 mol % [CuBr(PPh3)3] 2.17 in DMSO in the presence of 1 equivalent 
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of sodium bromide was conducted (Table 12). Since NaBr is sparingly soluble in DMSO, the 
reaction was run in essentially a saturated solution of DMSO, and it gave only 11% 
conversion into 2.40a after 24 h (Table 12, entry 2), compared to 92% conversion without 
any additive after the same reaction time (Table 12, entry 1). A sluggish reaction was also 
observed at 5 mol % catalyst loading (Table 12, entry 4), but total conversion into 2.40a was 
observed after 24 h stirring. It is clear that NaBr inhibits the formation of 2.40a, however no 
inhibitory saline effect was observed when water was used as the reaction media. The model 
reaction in a saturated aqueous solution of sodium bromide was completed in 2 h, in the same 
time as the reaction conducted in pure water (see Table 7, entry 7). 
Table 12 Salt effect in the formation of triazolesa 
 
Entry [Cu]/mol % NaBr/equiv Time/h Conversion/%b 
1 0.5 0 24   92 
2 0.5 1 24   11 
3 5 0   4 >95 
4 5 1   4    18c 
a Reaction conditions: 0.5 mmol benzyl azide, 0.5 mmol phenylacetylene,  [CuBr(PPh3)3] 2.17 (X mol %), 
sodium bromide (Y mmol), DMSO (0.5 mL), room temperature. b 1H NMR conversions are the average of at 
least two independent experiments. c Complete conversion observed after 24 h stirring. 
The scope of the three-component reaction was next explored (Scheme 49). In all cases, total 
conversion to the azide was observed by 1H NMR analysis and the reactions gave good yields 
in relatively short reaction times and at low catalyst loading. Gratifyingly, triazoles could be 
isolated by filtration and washing with pentane. This three-component reaction also allowed 
the preparation of a triazole derived from methyl azide, 1-methyl-4-phenyl-1H-[1,2,3]triazole 
2.40ag which was isolated in 53% yield. Although a similar loading of 0.5 mol % had been 
reported for this transformation, only the preparation of one triazole (2.40a) was studied, and 
it was isolated in 75% yield after 24 h of stirring and purification by column 
chromatography.106 Thus, [CuBr(PPh3)3] 2.17 is active in the three component of an organic 
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halide, an alkyne and sodium azide at the lowest catalytic loading reported to date, with all 
products isolated in pure form by simple filtration. 
 
Scheme 49 [CuBr(PPh3)3]-catalysed formation of triazoles from in situ-generated azides. 
a MeI used as starting 
halide. 
2.8. Comparison of catalytic systems for the CuAAC reaction 
A comparison of some selected catalytic systems that have been reported for the 
cycloaddition of organic azides with alkynes is highlighted in Table 13. Unlike some of the 
other copper(I) catalysts bearing phosphorous ligands (see Section 1.3.1.3). Probably the 
most active catalysts are [CuX(NHC)] and [Cu(NHC)2]X, which can catalyse the CuAAC 
reaction at low copper loadings in very short reaction times,74,84 but these complexes can be 
expensive. Of the two catalysts reported in this work, [CuBr(PPh3)3] is more active than 
phosphinite complex {CuBr[PPh2(OPh-2-OMe)]} and has the advantage of being 
commercially available, or readily prepared from cheap starting materials in high yields 
under aerobic conditions. Overall, catalysts [CuBr(PPh3)3] 2.17 and {CuBr[PPh2(OPh-2-
OMe)]} 2.24 are excellent catalysts for the cycloaddition of organic azides with alkynes 
under Click conditions, and it is expected that [CuBr(PPh3)3] 2.17 will be used for this 
cycloaddition reaction for a plethora of applications. 
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Table 13 Catalyst comparison for the preparation of 2.40a 
 
Catalyst X Solvent Chrom.?  t/h Yield/% Ref 
2.24  0.5 H2O No 5.5 92 This 
work184 
[CuBr(PPh3)3] 2.17  0.5 Neat No 3 99 This 
work178 
CuSO4∙5H2O/NaAsc/ 
MonoPhos 
1 DMSO/H2O Yes 1 91 90 
[C3H7COOCu(PPh3)2] 0.05-0.15 DCM Yes 3 99 91 
[Cu(NO3)(PPh3)2] 0.5 Neat Yes 0.6 96 94 
[CuI(IAd)] 0.8 Neat No 0.16 99 74 
[Cu(ICy)2]PF6 0.5 Neat No 0.08 99 84 
 
2.9. Conclusions 
Four series of copper complexes bearing phosphine, phosphinite, phosphonite or phosphite 
ligands have been prepared. Eight novel phosphinite and phosphonite complexes (extremely 
scarce in the literature) have been prepared and fully characterised. These new complexes 
adopt a cubane-like structure in the solid state. All of the prepared complexes can be handled 
in air without any particular precautions, although it is recommended that the phosphinite and 
phosphonite complexes should be stored under inert atmosphere to minimise decomposition, 
which occurs over two months from initial preparation. 
The prepared complexes were employed in the CuAAC reaction. Among the 1:1 metal/ligand 
ratio complexes, the novel phosphinite and phosphonite complexes were the most active 
ones. Optimisation of the reaction conditions allowed the use of phosphinite complex 
{CuBr[PPh2(OPh-2-OMe)]} 2.24 in the preparation of a range of triazoles on water at room 
temperature at 0.5 mol % [Cu]. In addition, novel phosphinite complex {CuBr[PPh2(OMe)]} 
2.27, which can be readily prepared from commercially available starting materials, was also 
shown to be active in this cycloaddition reaction at low catalyst loadings. Initial results 
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showed that {CuBr[PPh2(OPh-2-OMe)]} 2.24 was also active in the three component 
reaction of a boronic acid, sodium azide and an alkyne. 
Overall, trisphosphine complexes 2.16-2.18 were the most active among of the tested 
catalysts in the cycloaddition of benzyl azide and phenylaceylene, suggesting that a 1:3 
metal:ligand ratio is optimal for this reaction. Optimisation of the reaction conditions led to 
use of the most active catalyst, [CuBr(PPh3)3] 2.17, in the preparation of a range of triazoles 
under mild reaction conditions and copper loadings as low as 50 ppm. In particular, the 
reactions of more elaborate sugar-containing substrates gave high yields of triazole products, 
even though some cases required the use of toluene as solvent. All triazoles could be isolated 
by simple filtration or extraction with ethyl acetate. The reaction of in situ-generated azides 
(from organic bromides or iodides) with alkynes was also explored, and it was found that the 
reaction with just 0.5 mol % [CuBr(PPh3)3] 2.17 on water furnished the triazole products in 
good yields. Once again, the products were isolated in high purity by filtration and washing 
with pentane. 
This work showcases a methodological study of well-defined copper complexes bearing 
phosphorus-containing ligands that have been used under strict Click conditions for the [3+2] 
cycloaddition of organic azides and alkynes. Furthermore, these results also represent the first 
application of pre-formed copper(I) phosphinite and phosphonite complexes in catalysis. 
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3. Ruthenium-Catalysed Azide-Alkyne 
Cycloaddition Reactions 
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3.1. Introduction 
Despite the popularity of the copper-catalysed azide-alkyne cycloaddition reaction and its 
ability to reliably furnish 1,4-disubstituted triazoles, until 2005, methodologies for the 
preparation of 1,5-disubstituted-1,2,3-triazoles were limited to the reactions of phosphonium 
ylides185-190 or lithium/magnesium acetylides with azides.191 These reactions have several 
limitations such as low yields, narrow scope and/or the use of stoichiometric amounts of 
organometallic reagents. 
3.2. Ruthenium(II)-catalysed cycloaddition reaction of azides and terminal 
alkynes 
In 2005, Fokin et al. reported that ruthenium(II) complexes were active in the so-called 
RuAAC (ruthenium-catalysed azide-alkyne cycloaddition) reaction.182 The initial screening 
showed that in the presence of 5 mol % [Ru(OAc)2(PPh3)3], the reaction of benzyl azide and 
phenylacetylene in anhydrous benzene at 80 °C proceeded to completion in 4 h, but only to 
yield the corresponding 1,4-disubstituted triazole. Remarkably, under otherwise identical 
reaction conditions, [CpRuCl(PPh3)3] (Cp = η
5-cyclopentadienyl) led to an 85:15 mixture of 
the regioisomeric 1,5- and 1,4-disubstituted triazoles. Furthermore, [Cp*RuCl(PPh3)3] (Cp* = 
η5-pentamethylcyclopentadienyl) formed only the 1,5-regioisomer with complete conversion. 
The authors reported that related complexes [Cp*RuCl2]2, [Cp*RuCl(NBD)] (NBD = 
norbornadiene) and [Cp*RuCl(COD)] (COD = 1,5-cyclooctadiene) gave similar results, 
suggesting that [Cp*RuCl] might be the actual active species. Further optimisation of the 
reaction conditions showed that 1 mol % [Ru] was enough to catalyse the regioselective 
formation of 1,5-disubstituted-1,2,3-triazoles in good to excellent yields after purification by 
column chromatography (Scheme 50). This complex has also been shown to catalyse the 
cycloaddition of organic azides with ynamides to give 5-amido-1,2,3-triazoles in good to 
excellent yields.192 
 
Scheme 50 [Cp*RuCl(PPh3)2]-catalysed azide-alkyne cycloaddition 
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Fokin later showed that [Cp*RuCl(COD)] was active in the cycloaddition of organic azides 
with terminal alkynes at room temperature in anhydrous toluene.193 1,5-Disubstituted triazole 
3.1 was isolated in good yield after only 0.5 h of reaction (Scheme 51). No other examples 
were included, but the authors noted that the high activity of this complex relative to 
[Cp*RuCl(PPh3)3] was possibly due to 1,5-cyclooctadiene being more labile than PPh3. 
Accordingly, reactions at higher temperatures with [Cp*RuCl(COD)] actually led to catalyst 
decomposition and gave lower yields in triazole. 
 
Scheme 51 Synthesis of 3.1 
The ruthenium-catalysed reaction of aryl azides and alkynes was plagued with problems such 
as poor yields, catalyst deactivation and azide decomposition until 2007, when Fokin reported 
that [Cp*RuCl]4 could be used to mediate this cycloaddition reaction.
194 A range of 
differently substituted triazoles could be prepared in moderate to excellent yields when 10 
mol % of [Ru] was used in DMF under microwave irradiation (Scheme 52). DMF was by far 
the best solvent for this reaction. This was attributed to the ability of DMF to form complexes 
with ruthenium, acting as an activating and stabilising ligand in its own right.195 The authors 
also disclosed that although this cycloaddition reaction proceeded under conventional 
heating, the formation of byproducts was evident, and isolated yields were significantly 
lower.  
 
Scheme 52 RuAAC reaction under microwave irradiation 
Alternatively, Nolan and co-workers applied a range of Ru‒NHC and Ru‒phosphine catalysts 
to the model reaction of benzyl azide with phenylacetylene in dichloromethane.196 At 1 mol 
% [Ru], Ru‒NHC complexes [Cp*RuCl(IAd)] and [Cp*RuCl(IPr)] (IPr = N,N’-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene)gave moderate conversions (67% and 58%, 
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respectively) and the best result was obtained with {Cp*RuCl[P(i-Pr)3]}, which gave 89% 
conversion into the expected 1,5-disubstituted triazole. A range of triazoles was prepared 
using this methodology in good to excellent yields (Scheme 53). In particular, propargylic 
alcohols showed excellent activities and in some cases, the reactions took less than one 
minute to achieve complete conversion. Further studies showed that the introduction of 
electron-donating groups at the propargylic position promoted higher reactivity and shorter 
reaction times. 
 
Scheme 53 {Cp*RuCl[P(i-Pr)3]}-catalysed cycloaddition reaction 
Ruthenium-azido complex 3.2 has also been reported to be active in the RuAAC reaction of 
benzyl azide with terminal alkynes in toluene or on water at 80 °C, to give 1,5-disubstituted 
triazoles exclusively in good to excellent yields after purification by column chromatography 
(Scheme 54).197  
 
Scheme 54 3.2-Catalysed azide-alkyne cycloaddition reaction 
The three-component reaction for the synthesis of 1,5-disubstituted triazoles from organic 
halides, sodium azide and alkynes has also been reported (Scheme 55).198 This reaction was 
carried out under microwave irradiation/inert atmosphere using [Cp*RuCl(PPh3)2], to furnish 
1,5-disubstituted triazoles in 18-97% yield after column chromatography. The reaction was 
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tolerant to most functional groups but poor results were obtained when acidic groups such as 
carboxylic/boronic acids were present or when pyridine/amine functionalities (even in the 
form of HCl/HBr salts) were used. 
 
Scheme 55 Three-component RuAAC reaction 
Although Fokin first disclosed that ruthenium(II) complexes can catalyse the regioselective 
formation of 1,4-disubstituted triazoles,182 Jia further explored the reactivity of ruthenium(II) 
in this context.199,200 With [RuH2(CO)(PPh3)3] as catalyst, the azide-alkyne cycloaddition 
furnished good yields in 1,4-disubstituted triazoles with 100% regioselectivity in THF at 80 
°C under nitrogen atmosphere (Scheme 56).199 Of note, substrates bearing electron-
withdrawing groups led to lower isolated yields. Jia later showed that hydride complex 
[RuH(η2-BH4)(CO)(PCy3)2] was more active under identical reaction conditions.
200 On the 
other hand, triazoles bearing bulky groups were only isolated in poor yields. 
 
Scheme 56 1,4-Disubstituted triazoles from RuAAC reactions 
Both experimental and computational studies indicated that this cycloaddition reaction 
involves a Ru−acetylide species as the key intermediate.200 Coordination of the nitrogen atom 
to the metal centre through N1 followed by a formal cycloaddition reaction gives a ruthenium 
triazolide complex. A metathesis reaction between the ruthenium triazolide species and a free 
alkyne liberates the 1,4-disubstituted triazole product and closes the catalytic cycle. The 
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proposed reaction pathway is similar to the widely-accepted mechanism for the CuAAC 
reaction (see Section 1.3).  
3.2.1. Mechanism of the ruthenium(II)-catalysed formation of 1,5-disubstituted triazoles 
Since a range of different ruthenium(II) complexes bearing cyclopentadienyl or 
pentamethylcyclopentadienyl ligands are active in this cycloaddition reaction, neutral 
[CpRuCl]/[Cp*RuCl] have been proposed to be the catalytically active species. This 
hypothesis is supported by the observations that related [Cp*RuBr] and [Cp*RuI] were 
significantly less active and cationic [Cp*Ru]+ complexes (obtained by chloride abstraction 
by silver) displayed no activity whatsoever.193 Furthermore, chelating diphosphine ligands 
such as bis(diphenylphosphino)ethane completely suppressed the catalytic activity. Based on 
DFT calculations, a mechanism was proposed for the RuAAC reaction using methyl azide 
and propyne as model substrates with [CpRuCl] as catalyst (Scheme 57).193 The first step 
would involve coordination of the azide and alkyne to give complex 3.3. This would then 
undergo oxidative coupling to give ruthenacycle 3.4, which was calculated to be exothermic 
by 13.2 Kcal/mol and has a calculated barrier of 4.3 Kcal/mol. The rate-determining step, 
rearrangement to Ru–N-based triazole 3.5 has a barrier of 13 Kcal/mol but is exothermic by 
51.8 Kcal/mol. Dissociation of the triazole from complex 3.5 is probably aided by 
coordination of an alkyne or azide molecule. The activation energy of this reaction is reduced 
from 24 Kcal/mol for the uncatalysed process33 to 13.0 Kcal/mol for the ruthenium(II) 
catalysed process. Formation of 1,4-disubstituted triazoles is disfavoured by 3 Kcal/mol in 
the oxidative coupling step, which would explain the observed regioselectivity towards 1,5-
disubstituted triazoles. Also, computational calculations by Fokin suggested that steric 
repulsion occurred between the cyclopentadienyl hydrogens and the methyl substituent on 
propyne.193 These steric interactions are amplified in the [Cp*RuCl] complexes, which 
explains the higher regioselectivity observed with these catalytic systems compared to 
[CpRuCl]-catalysed azide-alkyne cycloaddition reactions.201 
 
In 2008, Fokin reported on the potential deactivation pathways of ruthenium(II) catalysts in 
the presence of azides.193 Firstly, the reaction of [Cp*RuCl]4 with 1,6-diyne 3.6 gave 
ruthenacycle 3.7, which showed no reactivity towards (2-azidoethyl)benzene even after 
prolonged heating (Scheme 58). Such metallacyclopentatrienes are known intermediates in 
the [Cp*RuCl]-catalysed cyclotrimerisation of alkynes.202 
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Scheme 57 Proposed mechanism of the RuAAC reaction with terminal alkynes. Energies are calculated relative 
free energies of intermediates 3.3-3.5. Energies above the arrows correspond to the free energies of the 
transition states. 
 
Scheme 58 Formation of a ruthenacycle - a catalytic dead-end 
Nolan showed that such a deactivation pathway takes place even at low temperature, since  
{Cp*RuCl[P(i-Pr)3]} reacted with phenylacetylene at -70 °C to form η
2-alkyne complex 3.8 
(Scheme 59).196 At temperatures above -40 °C, formation of free phosphine and phosphazide 
i-Pr3P=N3Bn was evidenced by 
1H and 31P NMR spectroscopy. In the presence of two 
equivalents of phenylacetylene at 0 °C, ruthenacycle 3.9 was formed, which did not react any 
further, even in the presence of 20 equivalents of benzyl azide. These experiments showed 
that a η2-alkyne complex can be formed at low temperatures, but on warming can lead to a 
catalytic dead-end by generating 3.9, however in the presence of azide, formation of triazole 
is favoured with respect to formation of complex 3.9.  
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Scheme 59 Deactivation of [Ru] by phenylacetylene at low temperature 
Another deactivation pathway was evidenced by the reaction of [Cp*RuCl(COD)] with (2-
azidoethyl)benzene in benzene, which gave either tetraazadiene complex 3.10 or tetrazenide 
complex 3.11, since the authors could not unambiguously assign the data, which was purified 
by column chromatography (Scheme 60).193 A similar result was also reported when 
{Cp*RuCl[P(i-Pr)3]} was reacted with benzyl azide.
196 In light of these findings, it is often 
advised that the azide should not be added before the alkyne, but rather a mixture of both the 
azide and alkyne should be added together to achieve the best catalytic results. 
 
Scheme 60 Formation of a tetraazadiene/tetrazenide complex 
Overall, ruthenium(II) is a versatile catalyst for the preparation of triazoles. Both 
regioisomeric triazoles can be prepared by careful consideration of the ligand(s) used, but 
unlike the related copper(I)-catalysed reaction, the ruthenium(II) catalysts used for azide-
alkyne cycloadditions tend to be very sensitive to the reaction conditions. Furthermore, it has 
been shown that ruthenium can lead to decomposition of the substrates and unwanted side 
reactions. It is expected that as for the CuAAC reaction, different ligand families will be 
explored in the ruthenium-catalysed formation of 1,5-disubstituted triazoles. 
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3.2. Project aims 
Unlike the related CuAAC reaction, the RuAAC reaction has not yet enjoyed the same 
popularity and only a few applications have been reported.203-207 This is likely to be due to the 
few catalytic systems available. 
Our aim was to develop water-soluble ruthenium(II) catalysts for the RuAAC reaction of 
water-soluble substrates. Since [Cp*RuCl] is likely to be the catalytically active species, 
ruthenium(II) complexes bearing both cyclopentadienyl ligands and water-soluble ligands 
were prepared and tested in the RuAAC reaction. Furthermore, these complexes were tested 
in the cycloaddition reaction of benzyl azide and phenylacetylene. 
3.3. Preparation of water-soluble ruthenium(II) complexes 
Water-soluble phosphine ligand PTA (1,3,4-triaza-7-phosphatricyclo-[3.3.1.1]decane, Figure 
27) was first prepared by Daigle and co-workers in 1974.208 PTA is air- and moisture-stable 
and commercially available and therefore, a very convenient ligand for the preparation of 
water-soluble organometallic compounds. 
 
Figure 27 Water-soluble phosphine ligand PTA 
The reaction of RuCl3∙H2O and pentamethylcyclopentadiene in refluxing ethanol gave the 
ruthenium complex [Cp*RuCl2]n 3.12 in 57% yield (Eq. 3.1).
209 
 
Next, 3.12 was reacted with PTA in the presence of zinc dust in dichloromethane to give the 
monomeric diphosphine complex 3.13 in 75% yield after recrystallistation from a 
dichloromethane/hexane mixture (Scheme 61).210 Alternatively, 3.13 could be prepared via a 
ligand substitution reaction with [Cp*RuCl(PPh3)2] in 60% yield.
210 1H and 31P NMR data 
were consistent with the previously reported data.210 
 
Scheme 61 Preparation of [Cp*RuCl(PTA)2] 
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Ligand substitution of [CpRuCl(PPh3)2] with PTA gave [CpRuCl(PTA)2] 3.14 as an yellow 
powder in 67% yield after recrystallisation from dichloromethane/hexane (Eq. 3.2).210 The 
identity of the complex was confirmed by 31P NMR spectroscopy, which showed a singlet at 
δ -26.1 ppm, corresponding to the literature value.210 
 
 
In addition to the [Cp*RuCl] and [CpRuCl] complexes, cymene complex 3.15 was isolated as 
a red solid in 93% by the reaction of the commercially available ruthenium(II) cymene dimer 
with 2 equivalents of PTA (Eq. 3.3).211 A 31P NMR spectrum of the isolated complex showed 
an expected singlet at δ -36.2 ppm. 
 
Finally, [RuCl2(PTA)4] 3.16 was prepared by the reaction of RuCl3∙H2O and 6 equivalents of 
PTA in refluxing ethanol (Eq. 3.4).212 After cooling to room temperature, the reaction 
mixture was filtered and the resulting precipitate was washed with ethanol and acetone to 
give 3.16 in 96% yield.  
 
3.4. Preparation of water-soluble azides 
Water-soluble azide 3.17 has previously been used as a cycloaddition partner for the CuAAC 
reaction using water-soluble copper–NHC complexes (Figure 28).80 3.17 was prepared in two 
steps from commercially available starting materials.213-215 
 
Figure 28 Water-soluble azide 3.17 
Firstly, diazotransfer reagent 3.18 was prepared by the addition of two equivalents of 
imidazole to chlorosulfonyl azide, which was pre-formed in situ by the reaction of sulfuryl 
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chloride in acetonitrile.213 Following the addition of a solution of HCl in ethanol (freshly 
prepared from the addition of acetyl chloride to anhydrous ethanol), 3.18 was isolated in 60% 
yield as a white powder after filtration and washing with ethyl acetate (Scheme 62). 
 
Scheme 62 Preparation of 3.18 
Next, azide 3.17 was prepared from the reaction of amino acid L-tyrosine with 3.18 in MeOH 
(Scheme 63).213 After acidifying the reaction mixture and extraction with ethyl acetate, the 
resulting crude solid was recrystallised from ethyl acetate/hexane, to give azide 3.17 in 88% 
yield as a purple solid. The identity of 3.17 was confirmed by a new double doublet at δ 4.17 
ppm (CHN3) and a new resonance at δ 63.8 ppm (CN3) in the 
1H and 13C NMR spectra, 
respectively. 
 
Scheme 63 Preparation of azide 3.17 
3.5. Catalytic studies 
The prepared ruthenium complexes were first tested in the [3+2] cycloaddition reaction of 
3.17 with water-soluble alkyne propargyl alcohol (Table 14). The conversions were 
determined by integration of the aromatic signals of the starting azide, known triazole 3.1980 
and novel triazole 3.20  (δ 7.24, 6.89 ppm for azide 3.17, δ 7.01 ppm, 6.76 ppm for 3.19 and 
δ 6.89 ppm, 6.64 ppm for 3.20). The ratio 3.19:3.20 was calculated by integration of the 
doublet doublets for both triazoles (corresponding to ArCH2CH), which resonated at δ 5.22 
and 5.46 ppm for 3.19 and 3.20 respectively.  
In the first instance, the cycloaddition reactions were carried out in D2O or in a D2O/MeCN 
mixture at room temperature, but only starting materials were recovered (Table 14, entries 1-
3).  
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Table 14 RuAAC reaction of 3.17 and propargyl alcohola 
 
Entry [Ru] Solvent T/°C Conversion/%b 3.19:3.20c 
1 [RuCl2(η
6-p-cymene)(PTA)] 3.15 D2O RT <5 - 
2 [RuCl2(η
6-p-cymene)(PTA)] 3.15 D2O/MeCN RT <5 - 
3 [Cp*RuCl(PTA)2] 3.13 D2O/MeCN RT <5 - 
4 - D2O 80 25 2:1 
5 [RuCl2(η
6-p-cymene)(PTA)] 3.15 D2O 80 30 2:1 
6 [Cp*RuCl(PTA)2] 3.13 D2O 80 27 2:1 
7 [Cp*RuCl(PTA)2] 3.13 D2O 80  34
d 2:1 
8 [Cp*RuCl(PTA)2] 3.13 D2O 80  20
e 2:1 
9 [RuCl2(PTA)4] 3.16 D2O 80 <5 - 
10 - D2O/MeCN 80 <5 2:1 
11 [RuCl2(η
6-p-cymene)(PTA)] 3.15 D2O/MeCN 80 30 2:1 
12 [Cp*RuCl(PTA)2] 3.13 D2O/MeCN 80 19 2:1 
13 - D2O/DMSO 80 30 2:1 
14 [Cp*RuCl(PTA)2] 3.13 D2O/DMSO 80  34
d 2:1 
15 [Cp*RuCl(PTA)2] 3.13 DMSO 80  13
d 2:1 
16 - D2O/DMF 80 <5 2:1 
17 [Cp*RuCl(PTA)2] 3.13 D2O/DMF 80  13
d 2:1 
18 [Cp*RuCl(PTA)2] 3.13 DMF 80  <5
d - 
a Reaction conditions: 0.05 mmol azide 3.17, 0.1 mmol propargyl alcohol, [Ru] (5 mol %), solvent (1 mL),  18 
h. b 1H NMR azide conversions are the average of at least two independent experiments. c Determined by 1H 
NMR analysis of the reaction mixture.  d 10 mol % [Ru] used. e 10 mol % free ligand PTA added. 
Reaction of 3.17 and propargyl alcohol without any catalyst at 80 °C in D2O led to 25% 
conversion (Table 14, entry 4). When 5 mol % [RuCl2(η
6-p-cymene)(PTA)] (Table 14, entry 
5) 3.15 or [Cp*RuCl(PTA)2] 3.13 (Table 14, entry 6) was used under otherwise identical 
reaction reactions, similar conversions were observed. 10 mol % [Cp*RuCl(PTA)2] 3.13 led 
only to a small increase in reaction conversion (Table 14, entry 7).  
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We postulated that excess ligand may help stabilise or promote formation of the required 
reactive intermediates, but the addition of 10 mol % free ligand PTA failed to improve the 
reactivity (Table 14, entry 8) and actually gave a lower conversion compared to the reaction 
when just 5 mol % [Cp*RuCl(PTA)2] 3.13 was used (Table 14, entry 6). When 5 mol % 
[RuCl2(PTA)4] 3.16 was used in D2O, only starting materials were recovered from the 
reaction mixture (Table 14, entry 9), suggesting that 3.16 actually inhibited this cycloaddition 
reaction. 
Reaction in D2O/MeCN at 80 °C without any catalyst only gave traces of product (Table 14, 
entry 10) but when [RuCl2(η
6-p-cymene)(PTA)] 3.15 (Table 14, entry 11) or 
[Cp*RuCl(PTA)2] 3.13 (Table 14, entry 12) were used, 30% and 19% conversions were 
observed, respectively. In these instances, the observed reactivity was clearly due to 
ruthenium catalysis rather than simply a thermal reaction. It should be noted that all reactions 
using [Cp*RuCl(PTA)2] 3.13 led to messy baselines in the crude 
1H NMR spectra, suggesting 
that catalyst or substrate decomposition may occur. Moreover, the same regioselectivity was 
observed in the reactions whether or not a ruthenium catalyst was added to the reaction 
mixture. 
When 3.17 and propargyl alcohol were stirred in DMSO/D2O at 80 °C overnight, 30% 
conversion was observed by 1H NMR spectroscopy (Table 14, entry 13). The same 
conversion was observed when 10 mol % [Cp*RuCl(PTA)2] 3.13 was used under otherwise 
identical reaction conditions, which suggests that the addition of 3.13 had no effect on the 
reaction (Table 14, entry 14). In pure DMSO, 13% conversion was observed after 18 h 
stirring (Table 14, entry 15). Only a marginal ruthenium effect was observed in DMF/D2O 
(Table 14, entries 16 and 17). Finally, reaction of 3.17 and propargyl alcohol in DMF with 10 
mol % [Cp*RuCl(PTA)2] 3.13  only led to the recovery of starting materials (Table 14, entry 
18).  
It is important to note that attempts to prepare 3.19 from the reaction of 3.17 and propargyl 
alcohol with 5 mol % [CuBr(PPh3)3] in MeCN
178 failed to give any triazole product. 
Similarly, using Fokin’s conditions182 (1 mol % [Cp*RuCl(PPh3)2] in anhydrous toluene 
instead of benzene) did not furnish 1,5-disubstituted triazole 3.20.  
Catalysts 3.13-3.15 were also tested in the cycloaddition reaction of benzyl azide 2.36a with 
phenylacetylene (Table 15). Conversions were determined by integration of the benzylic 
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proton signals of 2.41a, 2.40a and 2.36a, which resonate at δ 5.55, 5.59 and 4.34 ppm, 
respectively. [CpRu] catalysts have been reported to catalyse the formation of aldehydes from 
benzyl azides,216 and it should be noted that when ruthenium(II) catalysts were used in our 
reactions at 80 °C, small traces (<5%) of benzaldehyde were observed in the crude 1H NMR 
spectra.  
Table 15 Ruthenium-catalysed cycloaddition reaction of benzyl azide and phenylacetylenea 
 
Entry [Ru] Solvent T/°C Conversion/%b 2.41a:2.40ac 
1 [Ru(η6-p-cymene)Cl2(PTA)] 3.15 H2O RT   <5 - 
2 [Ru(η6-p-cymene)Cl2(PTA)] 3.15 H2O/MeCN RT   <5 - 
3 - H2O 80 >95 49:51 
4 [Ru(η6-p-cymene)Cl2(PTA)] 3.15 H2O 80 >95   6:94 
5 [Ru(η6-p-cymene)Cl2(PTA)] 3.15 H2O 80  >95
d   6:94 
6 - H2O/MeCN 80   55 47:53 
7 [CpRuCl(PTA)2] 3.14 H2O/MeCN 80   56 46:54 
8 [Ru(η6-p-cymene)Cl2(PTA)] 3.15 H2O/MeCN 80   85 20:80 
9 - H2O/t-BuOH 80   74 12:88 
10 [Cp*RuCl(PTA)2] 3.13 H2O/t-BuOH 80   75 33:67 
11 [CpRuCl(PTA)2] 3.14 H2O/t-BuOH 80   65 51:49 
12 [Ru(η6-p-cymene)Cl2(PTA)] 3.15 H2O/t-BuOH 80 >95 31:69 
13 - H2O/DMF 80   71 42:58 
14 [CpRuCl(PTA)2] 3.14 H2O/DMF 80   48 43:57 
15 [Ru(η6-p-cymene)Cl2(PTA)] 3.15 H2O/DMF 80 >95   5:95 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol phenylacetylene, [Ru] (5 mol %), 0.5 mL solvent, 
room temperature. b 1H NMR azide conversions are the average of at least two independent experiments. c 
Determined by 1H NMR spectroscopy. d 10 mol % cetrimonium bromide used as phase-transfer reagent. 
No triazoles were observed when the cycloaddition reaction was conducted at room 
temperature (Table 15, entries 1 and 2). The reaction of benzyl azide 2.36a with 
phenylacetylene on water without any catalyst proceeded to full conversion at 80 °C, but a 
1:1 ratio of 2.41a:2.40a was observed (Table 15, entry 3). At 80 °C with 5 mol % [Ru(η6-p-
cymene)Cl2(PTA)] 3.15 on water, the starting materials were fully consumed, but 1,4-
disubstituted triazole 2.40a was formed almost exclusively (Table 15, entry 4). Next, since 
both starting materials were insoluble in water, 10 mol % of phase-transfer reagent 
cetrimonium bromide was used, but this had no effect on the outcome of the reaction (Table 
15, entry 5).  
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Blank reactions in H2O/MeCN only gave moderate conversions (Table 15, entry 6), and using 
5 mol % [CpRuCl(PTA)2] 3.14 (Table 15, entry 7) had no effect on the reaction. In both 
cases, the ratio of 2.41a:2.40a was basically 1:1. On the other hand [Ru(η6-p-
cymene)Cl2(PTA)] 3.15 gave an enhanced reaction conversion, and an increased selectivity 
(4:1) was observed in favour of 1,4-disubstituted triazole 2.40a (Table 15, entry 8).  
Changing the reaction medium to H2O/t-BuOH (Table 15, entries 9-12) in general gave 
improved conversions when compared to using H2O/MeCN as the solvent. Reaction using 
[CpRuCl(PTA)2] 3.14 led to 65% conversion after 18 h, but a 1:1 ratio of 2.41a:2.40a
 was 
observed (Table 15, entry 11), which is in contrast to the blank reaction in H2O/t-BuOH 
(Table 15, entry 9). [Ru(η6-p-cymene)Cl2(PTA)] 3.15 led the cycloaddition to completion 
(Table 15, entry 12), and gave an approximate 2:1 ratio in favour of 2.40a. This is in contrast 
to when 3.15 was tested in other solvents (Table 15, entries 4, 8 and 15), which gave a much 
higher selectivity towards 2.40a. Reaction without any catalyst in H2O/DMF (Table 15, entry 
15) gave the same selectivity as that with 5 mol % [CpRuCl(PTA)2] 3.14 (Table 15, entry 
13), but once again, [Ru(η6-p-cymene)Cl2(PTA)] 3.15 was able to catalyse the cycloaddition 
reaction of benzyl azide 2.36a and phenylacetylene to completion with excellent selectivity 
towards 1,4-disubstituted triazole 2.40a. From these results, it is clear that [Ru(η6-p-
cymene)Cl2(PTA)] 3.15 is a good candidate for the azide-alkyne cycloaddition reaction, since 
when using H2O, H2O/MeCN or H2O/DMF, full conversions were obtained (Table 15, entries 
4, 8 and 15), and excellent selectivity (albeit still lower than copper(I)-catalysed reactions) 
towards 1,4-disubstituted triazole 2.40a was observed. Remarkably, p-cymene complex 3.15 
were more active that [CpRuCl] and [Cp*RuCl] catalysts. Furthermore, 3.15 is air- and 
moisture-stable, and can be used under aqueous conditions and in organic solvents.  
3.6. Conclusions 
A number of water-soluble ruthenium complexes have been prepared and tested in the 
RuAAC reaction. The cycloaddition reaction of water-soluble substrates 3.17 and propargyl 
alcohol only led to disappointing conversions, and in all cases, the thermodynamic 1,4-
disubstituted triazole product 3.19 was obtained as the major product. However, it should be 
noted that both [RuCl2(η
6-p-cymene)(PTA)] 3.15 and [Cp*RuCl(PTA)2] 3.13 showed some 
catalytic activity in D2O/MeCN at 80 °C. 
Complexes 3.13-3.15 were also tested in the cycloaddition reaction of benzyl azide 2.36a 
with phenylacetylene. Although [Cp*RuCl(PTA)2] 3.13 and [CpRuCl(PTA)2] 3.14 did not 
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show any catalytic activity, [Ru(η6-p-cymene)Cl2(PTA)] 3.15 catalysed the formation of 1,4-
disubstituted triazole 2.40a with excellent regioselectivity (>95% in H2O/MeCN, H2O/DMF 
or H2O). Further work would include screening a range of η
6-areneruthenium(II) complexes 
in this cycloaddition reaction. In addition, changing the halide from chloride to other anions 
such as bromide, iodide or acetate may alter the reactivity. Although [Cp*RuBr] and 
[Cp*RuI] catalysts were less active than their chloride analogues,193 the reactivity of η6-
areneruthenium(II) bromide or iodide complexes has not yet been explored in this context, 
since the actual active species might be significantly different in these reactions. 
Further studies could also include the use of other water-soluble ligands, which may help 
facilitate the formation of or stabilise key intermediates in the catalytic cycle. Ruthenium 
complexes bearing PTA analogues such as DAPTA (3,7-diacetyl-1,3,7-triaza-5-
phosphabicyclo[3.3.1]nonane) 3.20,217 PTN(Me) (7-methyl-phospha-3-methyl-1,3,5-
triazabicyclo[3.3.1]nonane)218 3.21, and bis(1-methylimidazolyl)(1,3,5-triaza-7-
phosphatricyclo[3.3.1.13,7]dec-6-yl)methanol 3.22219 could be tested in the RuAAC reaction 
(Figure 29). Ligands 3.21 and 3.22 can bind to ruthenium through both phosphorus and 
nitrogen, giving a more electron-rich ruthenium centre, which in turn may lead to improved 
reactivity in the RuAAC reaction. 
 
Figure 29 Water-soluble PTA analogues 
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4. Cycloaddition Reactions of Organic 
Azides and Internal Alkynes 
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4.1. Introduction 
The involvement of a copper acetylide species in the active catalytic cycle for the CuAAC 
reaction inherently implies that internal alkynes should be inactive towards the cycloaddition 
reaction with azides. However, a few reports of copper-catalysed cycloaddition reactions 
using internal alkynes have appeared in the literature.50,72,82 Although ruthenium has been 
used to catalyse the cycloaddition of internal alkynes,182,192,193,197,220-222 these reactions do not 
adhere to the stringent Click criteria. Alternatively, cyclooctynes have been found active for 
metal-free azide-alkyne cycloadditions,223 however these strain-driven reactions are 
inherently restricted in scope. 
4.2. Copper(I)- and ruthenium(II)-catalysed azide-internal alkyne 
cycloaddition reactions 
In 2006, [CuBr(SIMes)] was reported to catalyse the reaction of  benzyl azide with 3-hexyne 
to give the corresponding 1,4,5-trisubstituted triazole in 71% yield (Scheme 64).72 
[Cu(C186tren)]Br 1.14 was also shown to mediate this reaction at 0.5 mol % [Cu] in n-
octane.50 Unfortunately, in both cases, only reactions with 3-hexyne were studied, but these 
results showed that alternative activation pathways are possible and that metal acetylide 
species are not always required for azide-alkyne cycloaddition reactions. Sarkar reported that 
1.45 (see Figure 15) was able to catalyse the cycloaddition reaction of benzyl azide with 
diphenylacetylene at 80 °C,82 but this particular triazole can actually be prepared at 70 °C, 
under copper- and solvent-free conditions.72  
DFT calculations by Fokin showed that the π-coordination of an internal alkyne to a copper(I) 
centre was 1.8 Kcal/mol higher than that of the uncatalysed process.33 In contrast, Nolan later 
reported that π-coordination of 3-hexyne to [Cu(SIMes)]+ was favoured by almost 25 
Kcal/mol relative to coordination to [Cu(NCMe)2]
+.72 In addition, the C≡C bond was 
significantly longer in the π-coordinated [Cu(SIMes)]+ complex compared to the free alkyne. 
Hence, the C≡C stretching frequencies for the [Cu(SIMes)]+ complex and the free alkyne 
were 2120 and 2281 cm-1, respectively, which showed that the π-backbonding was 
significant, activating the alkyne towards the cycloaddition reaction. The authors proposed 
that such effects upon allowed the azide-alkyne cycloaddition reaction to proceed by a π-
alkyne complex (Scheme 65). Further theoretical studies on the copper-catalysed 
cycloaddition of azides with terminal alkynes have actually suggested that copper acetylide 
species were activated by up to 6 Kcal/mol when π-coordinated to a second copper centre.37 
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Scheme 64 CuAAC reaction of benzyl azide and 3-hexyne 
 
 
Scheme 65 Proposed CuAAC reaction mechanism with internal alkynes mediated by [Cu(NHC)] 
On the other hand, ruthenium(II) complexes are more active in the cycloaddition reaction of 
organic azides and internal alkynes. The reaction of benzyl azide and diphenylacetylene with 
1 mol % [Cp*RuCl(PPh3)2] in benzene was complete within 2 h, whereas the blank reaction, 
with no catalyst was very sluggish and only traces of the expected 1,4,5-trisubstituted triazole 
was detected after 24 h at reflux.182  
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The reactivity of internal alkynes with ruthenium catalysts was further explored by Weinreb 
in 2006.221 10 mol % [Cp*RuCl(PPh3)2] was used to furnish 1,4,5-trisubstituted triazoles 
(Scheme 66). Reactions involving unsymmetrical internal alkynes bearing electron-
withdrawing carbonyl groups gave a single regioisomer (where the carbonyl group was 
bonded to C4 of the triazole), whereas the use of propargylic amines and alcohols led to the 
opposite substitution pattern exclusively. Such selectivity is not metal-induced since it has 
been shown that electron-withdrawing groups on the alkyne tend to end up bound to C4 of the 
corresponding triazole with both terminal and internal alkynes under uncatalysed thermal 
conditions.224 
Scheme 66 Preparation of 1,4,5-trisubstituted triazoles. Selected examples – ratio in parentheses corresponds to 
ratio of major isomer (shown) to minor isomer. 
[Cp*RuCl(COD)] is also active in the cycloaddition of organic azides and internal alkynes  
and 1,4,5-trisubstituted triazoles were isolated in good to excellent yields after column 
chromatography (Scheme 67).193 The regioselectivity of the reaction was influenced by 
several factors. For instance, alkynes containing a hydrogen bond donor group (e.g. 
propargylic alcohols) exhibited virtually exclusive regioselectivity – a new bond was always 
formed between the β-carbon of the alkyne (with respect to the alcohol group) and the 
terminal nitrogen of the azide. Furthermore, the regioselectivity was also governed by the 
stereoelectronic properties of the alkyne, and the authors reported that the alkyne carbon atom 
bearing the more electron-withdrawing group became C4 in the triazole product. 
Qing reported that [Cp*RuCl2]n catalysed the cycloaddition reactions of organic azides with 
trifluoromethylated propargylic alcohols (Scheme 68).222 In all cases, only 4-trifluoromethyl-
1,4,5-trisubstituted-1,2,3-triazoles were isolated in high yields. Although electron 
withdrawing groups tended to be bound to C4 of the triazole product, even without any metal 
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catalyst,221,224 it is important to note that the reaction of benzyl azide and 4,4,4-trifluoro-1-
phenyl-2-butyn-1-ol on water at 80 °C led to a 1:1 mixture of regioisomeric triazoles in 58% 
yield after 48 h stirring. 
 
Scheme 67 [Cp*RuCl(COD)]-catalysed azide-internal alkyne cycloaddition reaction. Selected examples – ratio 
in parentheses corresponds to ratio of major isomer (shown) to minor isomer. 
 
 
Scheme 68 Reaction of azides with trifluoromethylated propargylic alcohols 
4.3. [3+2] Cycloadditions of organic azides and haloalkynes 
Although copper(I)-catalysed azide-internal alkyne cycloaddition reactions are limited in 
scope, another family of internal alkynes, haloalkynes, have been found suitable substrates 
for the preparation of 1,4,5-trisubstiuted triazoles. The copper(I)-catalysed cycloaddition 
reaction of organic azides and haloalkynes was first reported by the Rutjes group in 2005.225 
A combination of copper(I) and copper(II) salts mediated the reaction of azides and 
bromoalkynes in hot THF (Scheme 69). In all cases, only the 5-bromotriazole regioisomers 
were formed. Encouraged by these results, this methodology was then applied to the 
cycloaddition of iodoalkynes. Unfortunately, under these reaction conditions, iodoalkyne 
methyl iodopropriolate was unstable and led to no conversion into the corresponding 5-
iodotriazole. 
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Scheme 69 [3+2] Cycloaddition of bromoalkynes and organic azides 
Fokin later developed a system where 5 mol % copper(I) iodide, in the presence of a 
polytriazole ligand catalysed the cycloaddition of iodoalkynes with organic azides in good to 
excellent yields under Click conditions (Scheme 70).226 Optimisation of the reaction 
conditions showed that nitrogen-containing additives were essential for any reaction to take 
place. Simple amines such as triethylamine and DIPEA were convenient additives in this 
transformation, however tris[(1-tert-butyl-1H-1,2,3-triazolyl)methyl]amine (TTTA) was the 
most effective one and led to high conversions with just 5 mol % loading. Of note, 
polytriazoles are well-established ligands for the cycloaddition of organic azides and terminal 
alkynes (see Section 1.3.1.1.4).  
 
Scheme 70 Iodoalkyne-azide cycloaddition reaction 
Flow chemistry had already been applied to the generation of 1,4-disubstituted-1,2,3-triazoles 
using copper tubing as the copper source,227 when James reported a similar methodology for 
the preparation of  12- to 31-membered 5-iodo-1,2,3-triazole-containing macrocycles in 21-
80% yield.228 High temperatures (100 °C) and nitrogen-containing ligands, such as TTTA, 
TBTA and DIPEA were required for this transformation. Also, all products were purified by 
silica gel column chromatography. 
The reaction of bis(haloacetylenes) with azides has also been studied (Scheme 71).229 In the 
presence of 10‒40 mol % [Cu], desired bistriazoles 4.1 were isolated in 39-82% yield after 
column chromatography. Under these conditions, it was noted that iodoacetylenes gave better 
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yields of the desired product than the corresponding bromoacetylenes. This observation was 
attributed to the instability of the bromoalkyne starting materials, which is in contrast to the 
results obtain by Rutjes, who reported similar reaction conditions for the cycloaddition of 
bromoalkynes and azides (see Scheme 69).225 In all cases, side product 4.2 was observed by 
NMR analysis, most likely to be due to the steric bulk preventing the azide and/or copper(I) 
species from accessing the remaining alkyne moiety to perform a second cycloaddition. 
 
Scheme 71 Cycloaddition of bis(haloacetylenes) and azides 
Ladderane complexes have been shown to catalyse the cycloaddition reactions of organic 
azides and terminal alkynes.39,230 Preliminary studies by Heaney showed that 
phenylethynylcopper(I) 4.3 could also mediate of 3-trifluoromethylbenzyl azide with 
(iodoethynyl)benzene in THF, to furnish the corresponding triazole in 88% yield (Scheme 
72).39 Under the same reaction conditions, the reaction of benzyl azide with 
(iodoethynyl)benzene only gave 20% of the corresponding triazole, suggesting that under 
these reaction conditions, electron-withdrawing groups may be required. However, no further 
examples were included in this study to support this hypothesis. 
 
 
Scheme 72 Cycloaddition catalysed by ladderane complex 4.3 
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4.3 can also mediate the reaction of azides with (iodoethynyl)benzene on water in the 
presence of an excess of amine or pyridine under microwave irradiation (Scheme 73).231 A 
better scope of the cycloaddition reaction was explored, but in some cases, up to 62% of 5-H 
triazole was obtained upon work-up of the reaction mixture. The authors suggested that the 5-
H triazole was formed by the cycloaddition of an in situ-generated terminal alkyne upon the 
dehalogenation of the starting iodoalkyne. 
 
Scheme 73 Azide-iodoalkyne cycloaddition on water 
García-Álvarez showed that water-soluble imino-phosphorane copper(I) complex 1.56 
(Figure 30) was active in the cycloaddition reaction of iodoalkynes and azides with only 2 
mol % [Cu] on water at room temperature.104 In this system, 10 mol % of 2,6-lutidine was 
also required for any reaction to take place. As before, all reactions were completely 
regioselective and 5-iodotriazoles were isolated after extraction of the reaction mixture with 
dichloromethane. 
 
Figure 30 García-Álvarez catalyst 1.56 
Further studies using complex 1.57 allowed for the development of the first three-component 
reaction of in situ-generated azides with iodoalkynes (Scheme 74).232 A range of functional 
groups were tolerated, such as alcohols, halogen atoms, esters and alkenes, and all products 
could be isolated in excellent yields after extraction. 
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Scheme 74 Preparation of 5-iodo-1,2,3-triazoles from in situ-generated azides 
A report by Reddy showed that iodotriazoles could be prepared in excellent yields using just 
copper(I) iodide without any ligand in DMSO at 80 °C (Scheme 75).233 In this account, the 
authors did not include any experimental details or reaction times, and only 3 different 
triazoles were prepared. 
 
Scheme 75 Reddy's synthesis of iodotriazoles 
Although no mechanistic studies for the cycloaddition reaction of organic azides with 
iodoalkynes have been reported to date, two mechanisms have been proposed, drawing 
similarities from the well-established mechanism for the CuAAC reaction (Scheme 76).34  
 
Scheme 76 Proposed mechanisms for the azide-iodoalkyne cycloaddition reaction  
Path A initiated with the formation of the σ-acetylide complex as the first intermediate, and 
followed the widely accepted mechanism for the CuAAC reaction.34 Path B proposes the 
formation of a π-complex, thereby keeping the carbon‒iodine bond intact throughout the 
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process. Reaction between the six-membered transition state 4.5 and another molecule of the 
iodoacetylene 4.4 would liberate the iodotriazole 4.6 and regenerate the catalyst. Since the 
reaction can be performed on water under technical conditions, the authors proposed that Path 
B would be the most likely route, as the copper triazolide species 4.7 in Path A would be 
trapped by the protic solvent, generating a 5-H triazole. 5-H triazoles are not generally 
observed in these cycloaddition reactions, although Heaney and co-workers reported that 5-H 
triazoles formed under their reaction conditions (see Scheme 73). 
In 2012, Fokin reported the facile synthesis of 5-fluoro-1,2,3-triazoles 4.8 from 5-iodo-1,2,3-
triazoles via a halogen exchange reaction. A wide range of fluorotriazoles could be prepared 
in 10 minutes under microwave irradiation, using either KF or KHF2 as the fluoride source 
(Scheme 77).234 Although due to the strength of the C‒F bond, 5-fluorotriazoles are expected 
to be less reactive than the analogous 5-iodotriazoles, this robust and expedient synthesis of 
fluorinated triazoles has potential applications in positron emission tomography (PET) 
imaging,235 if K18F or KH18F2 are used as the fluoride source.  
 
Scheme 77 Halogen exchange reaction of 5-iodotriazoles with KF or KHF2 
 
Scheme 78 Postulated mechanism for the halogen exchange reaction of 5-iodotriazoles 
A mechanism for the halogen exchange reaction was also postulated (Scheme 78). 5-
Iodotriazole could undergo ring-chain isomerisation, to give diazo/imidoyl halide tautomer 
4.9 at elevated temperatures. Subsequent nucleophilic addition of the fluoride anion followed 
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by extrusion of the iodide anion would give 4.10 which would then undergo ring closure to 
give 5-fluorotriazole 4.8. Alternatively, nucleophilic aromatic substitution (SNAr) could also 
occur under the reported reaction conditions. 
4.3.1. Halotriazoles as attractive synthetic intermediates 
Heterocycles are core structures of a wide range of natural products such as vitamins, amino 
acids, carbohydrates and alkaloids, and over 80% of the top selling pharmaceuticals contain 
heterocyclic structures.236 Methods for functionalising heterocycles are therefore of great 
importance, and probably the most commonly used method involves cross-coupling of 
halogenated heterocycles. In 2005, Wu and Chen reported that 5-iodotriazoles could be 
further functionalised by palladium-catalysed cross-coupling reactions.237 Firstly, the 
Mizoroki-Heck reaction of 5-iodotriazoles and alkenes was carried out using 4 mol % [Pd] in 
the presence of TBAB (tetrabutylammonium bromide) in DMF (Scheme 79). In most cases, 
the E-isomer was formed exclusively, however when propanenitrile was used as a substrate, 
30% of the Z-isomer was also isolated from the reaction mixture. 
 
Scheme 79 Heck reaction of iodotriazoles with alkenes 
The Songashira coupling of iodotriazoles with terminal alkynes was also explored as an 
alternative method to functionalise 5-iodotriazoles.  Optimisation of the reaction conditions 
showed that 10 mol % [PdCl2(PPh3)2] was required to generate a range of triazoles in 71-99% 
yield (Scheme 80).  
 
Scheme 80 Sonogashira reaction of 5-iodotriazoles 
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Finally, 1,4,5-trisubstituted triazoles were prepared via a Suzuki-Miyaura coupling reaction 
in fair to excellent yields (Scheme 81). In these reactions, the substitution of the used 
arylboronic acid had no effect on the reaction, as both electron-donating and electron-
withdrawing groups led to similar outcomes. Furthermore, this system was compatible with 
alkenylboronic acids. 
 
Scheme 81 Suzuki-Miyaura coupling of iodotriazoles and boronic acids 
In 2009, Fokin showed that 1,4,5-trisubstituted triazoles could be prepared in a three-step 
procedure from the starting terminal alkyne (Scheme 82).226 After the first step, the resulting 
iodoalkyne was simply filtered through alumina, before being engaged in the cycloaddition 
reaction with an organic azide. Upon completion, a Suzuki-Miyaura reaction was performed 
by adding Pd(OAc)2 (0.4 mol %), Et3N and the arylboronic acid directly to the reaction 
mixture, producing 1,4,5-trisubstituted triazoles in good yields. This methodology is 
attractive since it does not require the isolation of the iodotriazole intermediates, yet 1,4,5-
trisubstituted triazoles can be generated in good yields.  
 
Scheme 82 Synthesis of 1,4,5-trisubstituted triazoles 
Recently, Thibonnet reported the palladium-catalysed cross-coupling of 5-iodotriazoles with 
organotin reagents (Scheme 83).238 6 mol % [PdCl2(NCMe)2] was used to catalyse this 
coupling reaction, and 5-vinyltriazoles were isolated in moderate to excellent yields after 
column chromatography. 
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Scheme 83 Cross-coupling of iodotriazoles and organotin reagents 
Bis(halotriazoles) have been used to prepare fused triazoles in 36‒80% yield via a palladium-
catalysed intramolecular C‒H activation reaction (Scheme 84).229 Since these fused triazoles 
exhibit aromaticity over a much larger area, it was proposed that these compounds could find 
applications in optoelectronic devices. 
 
Scheme 84 Intramolecular homocoupling of bis(halotriazoles) 
Finally, the reactivity of 5-fluorotriazoles was examined in SNAr reactions, to yield 1,4,5-
trisubstituted 1,2,3-triazoles with a heteroatom at the 5-position in good yields under 
relatively mild reaction conditions (Scheme 85).234 Interestingly, the authors reported that the 
SNAr reactions of 5-chloro, 5-bromo and 5-iodotriazoles under the same conditions only led 
to the recovery of the starting materials. 
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Scheme 85 SNAr reactions of 5-fluorotriazoles 
4.4. Project aims 
The cycloaddition reaction of organic azides with internal alkynes that do not contain halo 
substituents was studied first, since the number of catalysts reported for this transformation is 
surprisingly small. The development of catalytic systems that can produce 1,4,5-trisubstituted 
triazoles regioselectively and under mild conditions is of great importance. 
The small number of catalysts known for the synthesis of iodotriazoles in is stark contrast to 
the vast array known for the cycloaddition reaction of terminal alkynes. Polytriazole ligands 
are probably the most popular ligands in this context, and have found applications in larger 
systems, such as the functionalisation of polymers,239 or the preparation of 
phthalocyanines.240 Despite their efficiency, they are extremely expensive. For instance, 
TBTA, which bears benzyl groups instead of t-butyl groups on the triazole moieties, costs 
more than £500 per mmol.241 On the other hand, the preparation of TTTA requires 
tripropargylamine and t-butyl azide. The latter compound is particularly hazardous due to its 
low molecular weight, which greatly increases the risk of explosion. Finally, polytriazoles are 
not the best candidates for undertaking mechanistic studies due to their numerous 
coordination modes to copper centres, which depend strongly on the reaction media and 
starting materials.38,40  
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In consequence, the development of convenient and efficient catalysts for the synthesis of 5-
iodotriazoles is of great interest. Furthermore, computational studies will be carried out to 
elucidate if any of the proposed mechanisms are supported by theoretical calculations (see 
Scheme 76).226 In particular, mechanistic investigations would reveal whether this 
cycloaddition reaction proceeds via a six-membered metallacycle. 
4.5. Results and Discussion 
4.5.1. Metal-catalysed cycloaddition of benzyl azide and 3-hexyne/4-octyne 
Despite the popularity of the copper(I)-catalysed azide-terminal alkyne cycloaddition 
reaction, only two examples of copper(I)-catalysed cycloadditions of organic azides and 
internal alkynes are known.50,72 In both cases, only the reaction of benzyl azide 2.36a and 3-
hexyne was studied. In a first stage, we applied [CuBr(PPh3)3] 2.17, the most active of our 
complexes in the CuAAC reaction (see Section 2.7) to the cycloaddition reaction of benzyl 
azide 2.36a and 3-hexyne (Table 16, entries 1 and 2), but poor conversions into triazole 4.12 
were observed. η5-Cyclopentadienyl ligands have displayed remarkable activity in the 
ruthenium(II)-catalysed cycloaddition reactions of azides with both terminal and internal 
alkyne cycloaddition reaction (see Sections 3.2 and 4.1.1). In consequence, we applied 
commercially available complex [CpEtCu(PPh3)] (Cp
Et = 1-ethylcyclopentadienyl) to this 
cycloaddition reaction (Table 16, entries 3 and 4). 10% conversion into 4.12 was observed 
after 18 h at 80 °C on water (Table 16, entry 3), but no reaction took place in toluene (Table 
16, entry 4). 
Table 16 Attempted copper(I)-catalysed cycloaddition of benzyl azide 2.36a and 3-hexynea 
 
Entry [Cu] Solvent Azide conversion/%b 4.12 
1 [CuBr(PPh3)3] 2.17 Neat   8 100 
2 [CuBr(PPh3)3] 2.17 Water <5 100 
3 [CpEtCu(PPh3)] Water 10 100 
4 [CpEtCu(PPh3)] Toluene   0 - 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, [CuBr(PPh3)3] 2.17 (5 mol %) or 
[CpEtCu(PPh3)] (10 mol %), solvent (5 mL), 80 °C, 18 h. 
b 1H NMR azide conversions are the average of at least 
two independent experiments.  
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Although copper(I) is required to catalyse the formation of 1,4-disubstituted-1,2,3-triazoles, 
copper(II) is known to participate in azide-terminal alkyne cycloaddition reactions.242,243 It 
was proposed that the required copper(I) species was generated by reduction of copper(II) by 
alcoholic solvent or terminal alkyne in an oxidative homocoupling reaction. Copper(II) has 
recently been reported as an efficient catalyst for the regioselective synthesis of 1,3-oxazoles 
from internal alkynes and nitriles under oxygen atmosphere.244  
Hence, we tested Cu(OTf)2 in the cycloaddition reaction of benzyl azide 2.36a and 3-hexyne, 
but reactions in toluene, 1,4-dioxane or acetonitrile only led to the recovery of starting 
materials (Table 17, entries 1-3). Reaction on water led to a high conversion into 4.12 but the 
reaction was not clean and unassigned singlets at δ 7.72 and 7.52 ppm and a multiplet at δ 
4.30 ppm were observed in the crude 1H NMR spectrum. 
Table 17 Attempted Cu(OTf)2-catalysed cycloaddition of benzyl azide and 3-hexyne
a 
 
Entry Solvent Azide conversion/%b 4.12 
1 Toluene 0     0 
2 1,4-Dioxane 0     0 
3 MeCN 0     0 
 4c Water 100 >95 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, Cu(OTf)2 (10 mol %), solvent (1 mL), 
80 °C, 18 h. b 1H NMR azide conversions are the average of at least two independent experiments. c 5 mL water 
used. 
Silver(I) is well-established in the synthesis of heterocycles,245 and in addition, two silver(I) 
complexes have been reported to catalyse the cycloaddition of azides with terminal alkynes 
(see Section 1.5).132,133 Our investigation into metal-catalysed azide-internal alkyne 
cycloaddition reactions continued with the screening of a range of silver(I) salts in the 
cycloaddition of benzyl azide 2.36a and 3-hexyne (Table 18). When AgBF4 was tested, no 
reaction was observed in either toluene or acetonitrile (Table 18, entries 1 and 3) but in 1,4-
dioxane, 5-10% conversion into benzaldehyde 4.14 was observed (Table 18, entry 2). On 
water, the azide was completely consumed but unassigned singlets at δ 7.72, 7.52, 5.59 and 
4.71 ppm and a multiplet at δ 4.30 ppm were observed in the crude 1H NMR spectrum (Table 
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18, entry 4). Under solvent-free conditions, 10% conversion into triazole 4.12 was observed 
(Table 18, entry 5). 
Table 18 Attempted silver(I)-catalysed cycloaddition of benzyl azide 2.36a and 3-hexynea 
 
Entry Catalyst Solvent 
Azide 
conversion/%b 4.12 4.13             4.14 4.15 
1 AgBF4 Toluene     0  -        -              - - 
2 AgBF4 1,4-Dioxane     8   0            0             100 0 
3 AgBF4 MeCN     0  -        -              - - 
  4c AgBF4 Water >95  Unknown compounds   
5 AgBF4 Neat   10 100           0     0 0 
6 AgOTf Toluene     0 -           - - - 
7 AgOTf 1,4-Dioxane   10   0           0 100 0 
8 AgOTf MeCN     0 -           - - - 
 9c AgOTf Water >95       Unknown compounds   
10 AgNO2 Water   12 100           0 0 0 
11 AgNO3 Water    0 -           - - - 
12 AgPF6 Water >95            Unknown compounds   
13 AgNTf2 Toluene   <5 100           0 0 0 
14 AgNTf2 1,4-Dioxane     0 -           - - - 
15 AgNTf2 MeCN     0 -           - - - 
16c AgNTf2 Water 10-100 100           - - - 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, [Ag] (10 mol %), solvent (1 mL), 80 
°C, 18 h. b 1H NMR azide conversions are the average of at least two independent experiments. c 5 mL water 
used.      
Next, AgOTf was tested in the same cycloaddition reaction, but once again, no reaction was 
observed in either toluene or acetonitrile (Table 18, entries 6 and 8). Reaction in 1,4-dioxane 
led to a low conversion into benzaldehyde 4.14 (Table 18, entry 7). The reaction of 2.36a and 
3-hexyne with 10 mol % AgOTf led to complete consumption of 2.36a along with two 
unknown products which showed singlets at δ 7.71 and 7.52 ppm (Table 18, entry 9). AgOTf 
exhibited similar reactivity to AgBF4 (Table 18, entries 1-4). 
When 10 mol % AgNO2 was used on water, 12% conversion into triazole 4.12 was observed 
by 1H NMR spectroscopy, but the reactions were not always clean (Table 18, entry 10). No 
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reaction was observed when 10 mol % AgNO3 was used under otherwise identical reaction 
conditions (Table 18, entry 11). Benzyl azide 2.36a was completely consumed when 10 mol 
% AgPF6 was used on water, but only an unknown resonance at δ 4.72 ppm was observed 
(Table 18, entry 12). 10 mol % AgNTf2 was a poor catalyst in toluene, 1,4-dioxane and 
acetonitrile (Table 18, entries 13-15), whereas the reaction on water led to irreproducible 
results (Table 18, entry 16).  
Silver nanoparticles have recently been shown to catalyse cycloaddition reactions, in 
particular Diels-Alder reactions.246,247 We tested silver nanoparticles in the cycloaddition of 
benzyl azide 2.36a with 3-hexyne (Scheme 86). Unfortunately, only starting materials were 
obtained under all reaction conditions. 
 
Scheme 86 Attempted silver nanoparticle-catalysed cycloaddition of 2.36a and 3-hexyne 
In some of the previous reactions, the unreacted 3-hexyne was not always recovered, 
probably lost due to its volatility. 4-Octyne was then chosen as a cycloaddition partner for 
benzyl azide 2.36a. Hence, the cycloaddition reaction of benzyl azide 2.36a and 4-octyne was 
conducted in the presence of silver(I) salts and complexes (Table 19). In most cases, only 
starting materials were recovered from the reaction mixture. In particular, organic solvents 
were generally poor candidates and failed to give any reaction whatsoever. Reactions on 
water gave low and often irreproducible conversions into 4.16 and/or 4.14. 
When AgBF4 was used in 1,4-dioxane, 10% conversion into benzaldehyde 4.14 was 
observed, but overall, the reaction was not clean and a messy baseline was observed in the 
crude 1H NMR spectrum (Table 19, entry 2). The same reaction in water led a disappointing 
conversion into 4.16, although unknown singlets at δ 7.72, 7.52, 5.59, 5.30 and 4.71 ppm and 
a multiplet at 4.30 ppm were observed in the crude 1H NMR spectrum (Table 19, entry 4). 
Reaction of benzyl azide 2.36a with 4-octyne in toluene using AgNO3 led to irreproducible 
conversions (Table 19, entry 9), and in general, AgNO3, AgNO2, AgPF6, AgSbF6 and 
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Ag2SO4 showed poor activity (Table 19, entries 9-29). AgClO4 catalysed the cycloaddition 
reaction on water to 62% conversion, but no product could be isolated from the reaction 
mixture (Table 19, entry 33). The reaction using [AgNO3(PPh3)] in toluene gave, along with 
a low conversion into 3.16, unknown products that gave singlets at δ 5.50, 5.43 and 4.70 ppm 
in the crude 1H NMR spectrum (Table 19, entry 42). The same reaction on water led to an 
unclean reaction mixture with irreproducible conversions into 4.16 (Table 19, entry 45). 
Table 19 Attempted silver(I)-catalysed cycloaddition of benzyl azide 2.36a and 4-octynea 
 
Entry Catalyst Solvent 
Azide 
conversion/%b 4.16 4.13 4.14 4.15 
1 AgBF4 Toluene   0 - - - - 
2 AgBF4 1,4-Dioxane 10     0 0 100  0 
3 AgBF4 MeCN   0 - - -  - 
 4c AgBF4 Water <5 100 0     0 0 
5 AgOTf Toluene <5 100 0     0 0 
6 AgOTf 1,4-Dioxane <5 100 0  0 0 
7 AgOTf MeCN <5 100 0  0 0 
 8c AgOTf Water    7 100 0  0 0 
9 AgNO3 Toluene 5-100    Not reproducible   
10 AgNO3 1,4-Dioxane    0 - - - - 
11 AgNO3 MeCN  <5 100 0  0 0 
 12c AgNO3 Water    8 100 0  0 0 
13 AgNO2 Toluene    0 - - - - 
14 AgNO2 1,4-Dioxane    0 - - - - 
15 AgNO2 MeCN    0 - - - - 
 16c AgNO2 Water <5 100 0  0 0 
17 AgPF6 Toluene 0 - - - - 
18 AgPF6 1,4-Dioxane 6     0 0  0 0 
19 AgPF6 MeCN 0 - - - - 
 20c AgPF6 Water <5 100 0  0 0 
21 AgSbF6 Toluene 0 - - - - 
22 AgSbF6 1,4-Dioxane <5 100 0  0 0 
23 AgSbF6 MeCN <5 100 0  0 0 
24 AgSbF6 DCE   0 - - - - 
 25c AgSbF6 Water 10   70 0     30 0 
26 Ag2SO4 Toluene <5 100 0  0 0 
27 Ag2SO4 1,4-Dioxane <5 100 0  0 0 
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Table 19 (continued) 
28 Ag2SO4 MeCN   0 - - - - 
 29c Ag2SO4 Water   9   67 0 33 0 
30 AgClO4 Toluene   0 - - - - 
31 AgClO4 1,4-Dioxane   0 - - - - 
32 AgClO4 MeCN   0 - - - - 
 33c AgClO4 Water 62 100 0 0 0 
34 AgOAc Toluene   0 - - - - 
35 AgOAc 1,4-Dioxane   0 - - - - 
36 AgOAc MeCN   0 - - - - 
 37c AgOAc Water 10-63            Not reproducible    
38 Ag2O Toluene   0 - - - - 
39 Ag2O 1,4-Dioxane          >95 100 0 0 0 
40 Ag2O MeCN   0 - - -   - 
 41c Ag2O Water 50-73 100 - -   - 
42 [AgNO3(PPh3)] Toluene <5 100 0 0 0 
43 [AgNO3(PPh3)] 1,4-Dioxane <5 100 0 0 0 
44 [AgNO3(PPh3)] MeCN <5 100 0 0 0 
 45c [AgNO3(PPh3)] Water 12-43 100 0 0 0 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 4-octyne, [Ag] (10 mol %), solvent (1 mL), 80 
°C, 18 h. b 1H NMR azide conversions are the average of at least two independent experiments. c 5 mL water 
used. 
In the field of homogeneous gold catalysis, alkynes belong to the most popular 
substrates.248,249 Several gold-alkyne complexes have been reported, including gold(I) 
chloride coordinated 3-hexyne.250 In this example, the C≡C bond length increases from 
1.19 Å for the free alkyne to 1.26 Å for the complex, which is comparable to the related 
[Cu(SIMes)(EtC≡CEt)] complex (1.254 Å).72 This activation has been exploited by a number 
of research groups in gold-catalysed cycloaddition chemistry.251 As a result, we tested a 
number of gold(I) salts and complexes in the cycloaddition of benzyl azide 2.36a with 3-
hexyne (Table 20). Poor reactivity was observed in organic solvents with 2 mol % AuCl 
(Table 20, entries 1-3). When water was used, 12% to 4.12 was observed but no mass was 
recovered from the reaction mixture. [AuCl(PPh3)] catalysed the same reaction to 17% 
conversion on water, but a 3:1 ratio of 4.12/4.14 was observed by 1H NMR spectroscopy 
(Table 20, entry 5). [Au(NTf2)(IPr)]
252 was also ineffective in this cycloaddition reaction, 
since no cycloadduct was observed in any tested solvent (Table 20, entries 10-13), although 
11% conversion into benzaldehyde 4.14 was observed in toluene (Table 20, entry 10). 
Finally, when 2 mol % AgPF6 was added to the reaction of benzyl azide 2.36a and 3-hexyne 
on water with 2 mol % [AuCl(PPh3)], only traces of triazole 4.12 were observed. 
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Table 20 Attempted gold(I)-catalysed cycloaddition of benzyl azide 2.36a and 3-hexynea 
 
Entry Catalyst Solvent 
Azide 
conversion/%b 
4.12 4.13 4.14 4.15 
1 AuCl Toluene <5 100 0 100 0 
2 AuCl 1,4-Dioxane   8   75 0   25 0 
3 AuCl MeCN   0 - - - - 
 4c AuCl Water 12 100 0     0 0 
 5c [AuCl(PPh3)] Water 17   75 0   25 - 
6 [AuCl(PPh3)] Toluene <5   80 0   20 0 
7 [AuCl(IPr)] Water   0 - - - - 
 8d [AuCl(IPr)] Water   0 - - - - 
9 [AuCl(IPr)] Toluene   0 - - - - 
10 [Au(NTf2)(IPr)] Toluene 11    0 0 100 0 
11 [Au(NTf2)(IPr)] 1,4-Dioxane   0 - - - - 
12 [Au(NTf2)(IPr)] MeCN   0 - - - - 
13c [Au(NTf2)(IPr)] Water   0 - - - - 
  14c,d [AuCl(PPh3)] Water <5 100 0    0 0 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, [Au] (2 mol %), solvent (1 mL), 80 
°C, 18 h. b 1H NMR azide conversions are the average of at least two independent experiments. c 5 mL water 
used. d 10 mol % [AuCl(IPr)] used. d AgPF6 (2 mol %) added. 
Different palladium(II) sources were screened as catalysts for the cycloaddition of benzyl 
azide 2.36a with 3-hexyne (Table 21). 10 mol % PdCl2 was first tested in toluene, but 
1H 
NMR analysis of the reaction mixture showed that 41% of 2.36a had been converted into 
benzonitrile 4.13 and benzaldehyde 4.14 (82:18 ratio), without any traces of the expected 
triazole product 4.12 (Table 21, entry 1).253 Interestingly, changing the solvent to acetonitrile 
reversed the selectively of the reaction compared to toluene (Table 21, entry 2). Reaction in 
1,4-dioxane only gave benzaldehyde 4.14 (Table 21, entry 3) and 90% conversion into imine 
4.15 was observed when the reaction was run on water (Table 21, entry 4). 
Pd(OAc)2 was also unable to mediate the formation of 4.12 (Table 21, entries 5-8), however, 
the reaction with 10 mol % Pd(OAc)2 in acetonitrile led to 16% azide conversion into 
4.14/4.15 (65:35 ratio, Table 21, entry 6), which was not observed using PdCl2 under 
otherwise identical conditions (Table 21, entry 2). Reactions in water using Pd(OAc)2 led to 
134 
 
irreproducible results (Table 21, entry 7). No reaction took place in toluene or acetonitrile 
with 10 mol % trans-[PdCl2(PPh3)2] (Table 21, entries 9 and 10), but when 1,4-dioxane was 
used, 10% of 2.36a was converted into benzonitrile 4.13, in addition to some unidentified 
products which resonated at δ 8.79 and 5.06 ppm in the crude 1H NMR spectrum (Table 21, 
entry 11). Finally, trans-[PdCl2(PPh3)2] catalysed the transformation of 2.36a into 
benzonitrile 4.13 and benzaldehyde 4.14 in an 83:17 ratio (Table 21, entry 12). 
Table 21 Attempted palladium(II)-catalysed cycloaddition of benzyl azide 2.36a and 3-
hexynea 
 
Entry Catalyst Solvent 
Azide 
conversion/%b 4.12 4.13 4.14 4.15 
1 PdCl2 Toluene 41 0 82   18     0 
2 PdCl2 MeCN 21 0 33   77     0 
3 PdCl2 1,4-Dioxane 30 0   0 100     0 
 4c PdCl2 Water 90 0   0     0 100 
5 Pd(OAc)2 Toluene 15 0  65   35   - 
6 Pd(OAc)2 MeCN 16 0   0   65   35 
 7c Pd(OAc)2 Water 0-100 -  -   -   - 
8 Pd(OAc)2 Neat          >95 0  78    7   15 
9 trans-[PdCl2(PPh3)2] Toluene  0 -  -   -   - 
10 trans-[PdCl2(PPh3)2] MeCN  0 -  -   -   - 
11 trans-[PdCl2(PPh3)2] 1,4-Dioxane 10 0   100    0    0 
  12c trans-[PdCl2(PPh3)2] Water 46 0   83  17    0 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, [Pd] (10 mol %), solvent (1 mL), 80 
°C, 18 h. b 1H NMR azide conversions are the average of at least two independent experiments. c 5 mL water 
used. 
Despite its abundance, low toxicity and cost, iron is often underrepresented in organic 
synthesis and catalysis.254 Most efforts in iron-catalysed cycloaddition reactions have been 
focused on the formation of three-membered rings, in particular aziridines.255 Of note, FeCl3 
was an efficient catalyst for the construction of pyrrolines from N-tosyl aziridines and 
terminal alkynes.256 
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We applied iron(III) chloride to the cycloaddition of benzyl azide 2.36a and 3-hexyne. 
Reactions in toluene, 1,4-dioxane and DMSO gave similar results to the palladium-catalysed 
reactions in terms of the products formed (Table 22, entries 1-3), but the reactions in 1,4-
dioxane and DMF gave an unknown resonance at δ 7.88 ppm in the crude 1H NMR spectrum. 
No reaction was observed in acetonitrile, DMF or water (Table 22, entries 4-6), although 
small traces (<5% with respect to the starting materials) of 4.12 and 4.14 were observed in 
DMF. Reaction in the absence of solvent (Table 22, entry 7) gave a poor conversion into 
expected triazole 4.12, along with 4.13, 4.14 and 4.15 and some unknown products which 
gave resonances at δ 8.59, 7.88, and 5.98 in the crude 1H NMR spectrum.  
Table 22 Attempted FeCl3-catalysed cycloaddition of benzyl azide 2.36a and 3-hexyne
a
  
 
Entry Solvent 
Azide 
conversion/%b 
4.12 4.13 4.14 4.15 
1 Toluene 25  0 45 55 0 
2 1,4-Dioxane 12  0 44 56 0 
3 DMSO 15  0 40 60 0 
4 MeCN 0  - - - - 
5 DMF 0  - - - - 
  6c Water 0  - - - - 
7 Neat 30 19 24 24 33 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, FeCl3 (10 mol %), solvent (1 mL), 80 
°C, 18 h. b 1H NMR azide conversions are the average of at least two independent experiments. c 5 mL water 
used. 
Nickel(II) has been reported to catalyse the reactions of internal alkynes with cyclopropyl 
ketones257 and enals258 to give cyclopentenes and  cyclopent-2-enols, respectively. We 
explored the reactivity of [Cp2Ni] in the cycloaddition addition of benzyl azide 2.36a and 3-
hexyne, but reactions in toluene, 1,4-dioxane or acetonitrile only led to the recovery of 
starting materials (Table 23, entries 1-3). Reaction on water led to complete conversion into 
4.12 but unknown singlets at δ 7.72, 7.52 and a multiplet at δ 4.30 were also observed in the 
crude 1H NMR spectrum (Table 23, entry 4). 
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Table 23 Attempted [Cp2Ni]-catalysed cycloaddition of benzyl azide 2.36a and 3-hexyne
a
  
 
Entry Solvent 
Azide 
conversion/%b 
4.12 4.13 4.14 4.15 
1 Toluene    0      0 - - - 
2 1,4-Dioxane    0     0 - - - 
3 MeCN    0     0 - - - 
 4c Water 100        >95d - - - 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, [Cp2Ni] (10 mol %), solvent (1 mL), 
80 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. c 5 mL water used.   
d Unknown by-products formed. 
Platinum(II) was next studied as a catalyst for the same cycloaddition reaction (Table 24). 
PtCl2 was ineffective at catalysing the formation of 4.12 in all solvents tested (Table 24, 
entries 1-5). When K2PtCl4 was used (Table 24, entries 6-10), starting materials were 
recovered in most cases, except for when water was used as solvent (Table 24, entry 9). In 
this instance, 28% of starting azide 2.36a was converted into 4.13 and 4.14 in a 44:56 ratio. 
The reaction of 2.36a with 3-hexyne on water with [PtCl2(COD)] gave a 1:1 mixture of 4.13 
and 4.14, although only 19% of the starting azide was consumed overall (Table 24, entry 14). 
Finally, 10 mol % trans-[PtCl2(PPh3)2] was tested in a range of solvents (Table 24, entries 
16-23). The results of the trans-[PtCl2(PPh3)2]-catalysed cycloaddition reaction on water led 
to irreproducible conversions (15-100% azide conversion, Table 24, entry 19). Reaction in 
DMSO led to 27% conversion into 4.13 (Table 24, entry 21).  
Overall, a range of metals were tested as catalysts for the cycloaddition of benzyl azide 2.36a 
and either 3-hexyne or 4-octyne. In most cases, poor conversions into triazoles were observed 
and a number of known and unknown byproducts were formed by metal-decomposition of 
the starting materials. Palladium(II) was by far the most active catalyst, and in particular gave 
good conversion and selectivity towards benzonitrile 4.13 under solvent-free conditions.259  
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Table 24 Attempted platinum(II)-catalysed cycloaddition of benzyl azide 2.36a and 3-
hexynea 
 
Entry [Pt] Solvent 
Azide 
conversion/%b 4.12 4.13 4.14 4.15 
1 PtCl2 Toluene 24 4 52 22    8 
2 PtCl2 1,4-Dioxane 35 7 47 26    8 
3 PtCl2 MeCN 17 0 46 48    6 
 4c PtCl2 Water 20 0 32 64    4 
5 PtCl2 Neat 13 0 77 33  <5 
6 K2PtCl4 Toluene   0 - - -   - 
7 K2PtCl4 1,4-Dioxane   0 - - -   - 
8 K2PtCl4 MeCN   0 - - -   - 
 9c K2PtCl4 Water 28 0 44 56   - 
10 K2PtCl4 Neat   0 - - -   - 
11 [PtCl2(COD)] Toluene   0 - - -   - 
12 [PtCl2(COD)] 1,4-Dioxane   0 - - -   - 
13 [PtCl2(COD)] MeCN   0 - - -   - 
 14c [PtCl2(COD)] Water 19  0 49 51    0 
15 [PtCl2(COD)] Neat   0 - - -   - 
16 trans-[PtCl2(PPh3)2] Toluene <5     <5   0   0    0 
17 trans-[PtCl2(PPh3)2] 1,4-Dioxane 5-10  0   0      100   - 
18 trans-[PtCl2(PPh3)2] MeCN <5  0 <5 <5    0 
 19c trans-[PtCl2(PPh3)2] Water 15-100   100        -                 -    - 
20 trans-[PtCl2(PPh3)2] Neat  7 0 75  25    0 
21 trans-[PtCl2(PPh3)2] DMSO            27 0   100   0    0 
22 trans-[PtCl2(PPh3)2] i-PrOH  0 - - -   - 
23 trans-[PtCl2(PPh3)2] DMF  0 - - -   - 
a Reaction conditions: 1.0 mmol benzyl azide 2.36a, 2.0 mmol 3-hexyne, [Pt] (10 mol %), solvent (1 mL), 80 
°C, 18 h. b 1H NMR azide conversions are the average of at least two independent experiments. c 5 mL water 
used. 
4.5.2. Preparation of iodoalkynes 
Several methods have been reported for the synthesis of iodoalkynes.260 Molecular iodine has 
been used as the iodine source, along with other iodinating agents such as KI, ICl and N-
iodomorpholine hydrogen iodide 4.11.  
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N-Iodomorpholine hydrogen iodide 4.11 was prepared by the reaction of morpholine with 
iodine in methanol in 87% yield (Scheme 87).261 4.11 was easily isolated from the reaction 
mixture by filtration and washing with methanol. Purity was confirmed by 1H NMR analysis, 
where triplets at δ 3.71 and 2.93 ppm were observed, whilst the signals for morpholine had 
disappeared. 4.11 was prepared in 10 g batches and stored at 4 °C to prevent decomposition. 
 
Scheme 87  Preparation of N-iodomorpholine hydrogen iodide 4.11 
4.11 was then employed to iodinate terminal alkynes in the presence of 5 mol % copper 
iodide, presumably used to generate a copper acetylide species in situ (Scheme 88).226 
Gratifyingly, diethyl-(3-iodo-prop-2-ynyl)amine 4.17a, 1-iodoethynylcyclohexanol 4.17b, 
and iodoethynylcyclopropane 4.17c could be prepared via this method in good yields, even 
though the yield and purity of 4.17c were not always reproducible. 
 
Scheme 88 Preparation of iodoalkynes using 4.11 
When R = Ph, signals for the expected iodoalkyne 4.17d along with four triplets at δ 4.29, 
3.95, 3.26 and 2.21 ppm, which do not correspond to any of the starting materials, were 
observed in the 1H NMR spectrum. TLC analysis (hexanes/EtOAc 10:1) of the reaction 
mixture after filtration through alumina evidenced at least three different compounds. 
Column chromatography on silica gel of the mixture (hexanes/EtOAc 10:1) was used to 
isolate 4.17d. However, 1H NMR analysis of the major fraction (hexanes/EtOAc 10:1, Rf = 
0.62) again showed a mixture of compounds (although the triplet at 2.21 had disappeared) 
and also a new peak at δ 3.07 ppm, which corresponded to the terminal alkyne starting 
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material. This observation suggests that iodoethynylbenzene 4.17d is partially unstable on 
silica. This particular reaction had already been reported, but 4.17d was isolated pure in 91% 
yield after filtration of the reaction mixture through alumina.226  
Subsequently, 4.17d could be prepared using n-butyllithium and molecular iodine instead 
(Scheme 89).262 The reaction mixture was quenched with water and the iodoalkyne was 
isolated by extraction of the reaction mixture with hexanes. Its purity was confirmed by 1H 
NMR analysis, where notably, the resonance at δ 3.07 ppm, corresponding to the alkyne 
proton, had completely disappeared. This procedure was also used to prepare 1-iodohexyne 
4.17e and iodoethynylcyclopropane 4.17c in 96% and 92%, respectively. It is important to 
note that under these reaction conditions, the yield and purity of 4.17c were reproducible, 
which was not the case when 4.11 was used as the iodine source (see Scheme 88). 
 
Scheme 89 Preparation of iodoalkynes via deprotonation using n-BuLi 
On the other hand, known iodoalkyne 2-iodoethynylpyridine 4.17f was prepared using tert-
butyl hydroperoxide (TBHP) with potassium iodide in methanol (Scheme 90).233 Novel 
iodoalkynes 3-iodoethynylpyridine 4.17g and 1-fluoro-4-iodoethynylbenzene 4.17h were also 
prepared using this method. These iodoalkynes were isolated in good yields after purification 
by silica gel column chromatography. It should be noted that the reaction of 2-
ethynylpyridine required a larger excess of reagents (3 equivalents instead of 1.5 equivalents) 
and a longer reaction time (18 h instead of 6 h). This procedure was also applied to 1-hexyne 
and cyclopropylacetylene, but upon work-up of the reaction, only traces of the expected 
products could be isolated.  
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Scheme 90 Synthesis of iodoalkynes using KI/TBHP. a 3 equivalents of TBHP used, reaction time = 18 h. 
The synthesis of 1-iodoethynyl-4-methoxybenzene 4.17i proved to be particularly 
problematic. Firstly, the reaction using N-iodomorpholine hydrogen iodide 4.11 only led to 
75% conversion, which could not be improved by allowing the substrates to react for a longer 
period of time. TLC analysis of the crude product mixture and the starting alkyne showed that 
under all chromatography conditions (eluents) tested, the product and starting material co-
elute and cannot be separated. Similarly, following Reddy’s procedure233 using KI and TBHP 
yielded only 65% conversion to 4.17i. 
Since these methods proved to be unsuccessful, two reported silver-catalysed processes were 
tested. Firstly, following a procedure for the synthesis of bromoalkynes with  N-
bromosuccinimide in the presence of silver nitrate,263 the synthesis of 1-iodoethynyl-4-
methoxybenzene was attempted using N-iodosuccinimide (NIS) instead (Scheme 91). 1H 
NMR analysis of the crude product after work-up showed only 56% reaction conversion. 
Secondly, the reaction of the terminal alkyne with iodine in the presence of stoichiometric 
silver acetate was also tested, but only reached 76% conversion (Scheme 91).264 
 
Scheme 91 Synthesis of 4.17i via silver-mediated iodination 
Finally, the preparation of 4.17i using potassium iodide in the presence of iodobenzene 
diacetate and copper iodide was then tested (Scheme 92).265 Yan reported the preparation of 
4.17i in 97% isolated yield,265 but in our hands, this reaction only reached 60% conversion. 
Using a larger excess of all reagents, and increasing the reaction time to 18 h did not improve 
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the conversion, and thus the inseparable mixture was not treated any further. Although the 
synthesis of iodoalkynes proved to be more problematic than previously suggested in the 
literature, nine iodoalkynes could be prepared in good to excellent yields. 
 
Scheme 92 Synthesis of 4.17i 
4.5.3. Catalytic studies - Azide-iodoalkyne cycloaddition reactions 
4.5.3.1. Copper(I) complexes bearing phosphorous ligands  
Capitalising on our previous results of the copper-catalysed cycloaddition reaction of organic 
azides with terminal alkynes (see Chapter 2), phosphinite complex {CuBr[PPh2(OPh-2-
OMe)]} 2.24 was tested in the azide-iodoalkyne cycloaddition reaction of benzyl azide 2.36a 
with (iodoethynyl)benzene 4.17d, since it was the most active 1:1 metal/ligand ratio complex 
tested for the CuAAC reaction (see Section 2.7.1). No reaction was observed on water, in 
acetonitrile, ethanol or toluene in the presence of 5 mol % of 2.24 (Table 25, entries 1-4). 
When the model reaction was conducted in THF, 12% conversion into 4.6a was obtained 
(Table 25, entry 5), but no improvements were achieved when 20 mol % 2,6-lutidine was 
added (Table 25, entry 6), or when the reaction was heated at 40 °C (Table 25, entry 7). 
Of all the phosphorous ligands used the CuAAC reaction (see Sections 1.3.1.3 and 2.3), 
triphenylphosphine is probably the most versatile. Hence, the cycloaddition reaction of 
benzyl azide 2.36a with (iodoethynyl)benzene 4.17d was next studied with different PPh3-
containing copper(I) catalysts (Table 26). Reactions were run under neat conditions since no 
reaction was observed in THF, acetonitrile, toluene or water. For certain catalysts, neat 
conditions have been shown to be ideal for the related [3+2] cycloaddition of organic azides 
and terminal alkynes.72,74,85,94,178 
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Table 25{CuBr[PPh2(OPh-2-OMe)]}-catalysed azide-iodoalkyne cycloaddition reaction
a 
 
Entry Solvent Conv/%b  Entry Solvent Conv/%b 
1 H2O    0  5 THF   12 
2 MeCN    0  6 THF      7c 
3 EtOH    0  7 THF          <5d 
4 Toluene    0     
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, {CuBr[PPh2(OPh-
2-OMe)]} 2.24 (5 mol %), neat, RT. b 1H NMR azide conversions are the average of at least two independent 
experiments. c Reaction with 2,6-lutidine (20 mol %). d Reaction at 40 °C. 
Whilst monophosphine complex [CuI(PPh3)] 2.14 was ineffective at catalysing this 
cycloaddition reaction, [CuCl(PPh3)] 2.12 and [CuBr(PPh3)] 2.13 gave good conversions into 
4.6a (Table 26, entries 1-3). However, 1H NMR analysis of the crude reactions showed a 
resonance at δ 5.59 ppm, which is indicative of the formation of the corresponding 5-H 
triazole analogue of 4.6a. A singlet at δ 3.07 ppm was also observed, indicating that the 
starting iodoalkyne had been dehalogenated to phenylacetylene, which would explain the 
formation of a 5-H triazole.  
Table 26 PPh3-containing copper(I) complexes in azide-iodoalkyne cycloaddition reactions
a 
 
Entry [Cu] Conv/%b  Entry [Cu] Conv/%b 
1 [CuCl(PPh3)] 2.13 92
c  4 [CuCl(PPh3)3] 2.16 81 
2 [CuBr(PPh3)] 2.14 91
c  5 [CuBr(PPh3)3] 2.17 81 
3 [CuI(PPh3)] 2.15  9  6 [CuI(PPh3)3] 2.18 90 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, [Cu] (5 mol %), 
neat, RT.  b 1H NMR azide conversions are the average of at least two independent experiments. c ≈ 5% 5-H 
triazole 2.40a observed by 1H NMR spectroscopy. 
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Trisphosphine complexes 2.16-2.18 were also good catalysts for this reaction (Table 26, 
entries 4-6), and gratifyingly did not generate any 5-H triazole, although traces of 
phenylacetylene could be observed in the 1H NMR spectra of some crude products. The 
corresponding 4-iodotriazole regioisomer was not observed in any of the crude reaction 
mixtures. The most active complex, [CuI(PPh3)3] 2.18 was selected for further optimisation. 
It is important to note that no reaction took place under solvent-free conditions in the absence 
of a copper catalyst at room temperature or at 40 °C, confirming that this is a metal-catalysed 
process. 
It is important to note that all reported systems so far for the copper-catalysed cycloaddition 
reaction of iodoalkynes and organic azides require nitrogen-containing additives to achieve 
any conversions, even when pre-formed copper complexes are used.104,105 Hence, different 
nitrogen-containing additives were tested in combination with [CuI(PPh3)3] 2.18 in an 
attempt to achieve total conversion in the model reaction (Table 27).  
Table 27 Effect of nitrogen-containing additives with [CuI(PPh3)3] 2.18
a 
 
Entry Additive Conversion/%b 
1 None 90 
2 NEt3 84 
3 DIPEA 87 
4 1,10-phenanthroline 18 
5 2,6-lutidine          >95 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, 5 mol % 
[CuI(PPh3)3] 2.18, 5 mol % additive, neat, RT.
 b 1H NMR azide conversions are the average of at least two 
independent experiments. 
The use of 5 mol % triethylamine or DIPEA had no effect in the reaction conversions (Table 
27, entries 2 and 3), while the presence of 1,10-phenanthroline significantly lowered the 
conversion into iodotriazole (Table 27, entry 4). Gratifyingly, the presence of 2,6-lutidine in 
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the reaction mixture resulted in total conversion of the starting materials into 4.6a (Table 27, 
entry 5). 
The effect of a nitrogen-containing additive was further investigated and subsequently, the 
amount of copper used was lowered whilst keeping the loading of 2,6-lutidine at 5 mol % 
(Table 28). These catalytic reactions were conducted both with and without 2,6-lutidine for 
comparative purposes. Pleasantly, when the copper loading was decreased to 1 mol %, total 
conversion was still obtained as long as 2,6-lutidine was present in the reaction mixture. 
Otherwise, the conversion progressively decreased from 90 to 15% (Table 28).  
Table 28 Optimisation of catalyst loadinga 
 
Entry [Cu]/mol % 2,6-Lutidine/mol % Conversion/%b 
1 5 5   >95 (90)c 
2 2 5   >95 (79)c 
3 1 5   >95 (15)c 
4    0.5 5   40 (0)c 
5    0.5                 10            8 
6 1                 50          71 
7 1               100          41 
8 1 4        >95 
9 1 3          69 
       10 1 2          48 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, X mol % 
[CuI(PPh3)3] 2.18, Y mol % 2,6-lutidine, neat, RT. 
b 1H NMR azide conversions are the average of at least two 
independent experiments. c 1H NMR conversions in the absence of 2,6-lutidine. 
A moderate conversion into 4.6a was obtained with 0.5 mol % [CuI(PPh3)3] 2.18 when 2,6-
lutidine was used, but only starting materials were recovered without any 2,6-lutidine (Table 
28, entry 4). Increasing the amount of 2,6-lutidine to 50 or 100 mol % whilst using 1 mol % 
[Cu] had an adverse effect on the reaction conversion (Table 28, entries 6 and 7). On the 
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other hand, 4 mol % 2,6-lutidine was enough to obtain a full conversion (Table 28, entry 8), 
but a further decrease led to a profound reduction in reactivity (Table 28, entries 9 and 10). 
Since 2,6-lutidine is required to achieve high conversions at low catalyst loadings, it suggests 
that a copper-lutidine complex may be formed in situ, with enhanced reactivity towards the 
iodoalkyne and/or the azide substrate (see Section 4.6. Mechanistic studies). 
Scheme 93 Scope of the [CuI(PPh3)3]-catalysed azide-iodoalkyne cycloaddition reaction. Yields are isolated 
yields and are the average of at least two independent experiments. a Reactions run for 48 h. 
b 2 mol % 
[CuI(PPh3)3] 2.18 used. 
c 1H NMR conversions are the average of at least two independent experiments. d 10% 
5-H triazole observed by 1H NMR analysis. 
With an optimised system in hand, the scope of the reaction [CuI(PPh3)3]-catalysed azide-
iodoalkyne cycloaddition was explored (Scheme 93). Good to excellent yields of 5-
iodotriazole were obtained for different iodotriazoles. Pyridine-containing substrates led to 
low conversions into iodotriazole products, but gratifyingly, high conversions were observed 
when amine substrates were used (iodotriazoles 4.6m and 4.6n). Aromatic azides only led to 
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low conversions into the expected iodotriazoles (iodotriazoles 4.6g and 4.6h). When no 5-H 
triazole was formed, the expected iodotriazoles were easily isolated after hydrolysis and 
filtration of the reaction mixture.  
In some cases, formation of analogous 5-H triazoles (which are inseparable from 5-
iodotriazoles by silica gel column chromatography) were observed by 1H NMR analysis. To 
verify that the starting iodoalkyne was dehalogenated rather than the iodotriazole, two 
stoichiometric reactions were conducted. Firstly, iodotriazole 4.6o was stirred with 
[CuI(PPh3)3] 2.18 (5 mol %) and 2,6-lutidine (20 mol %), however only starting materials 
could be observed by 1H NMR analysis of the mixture after 18 h stirring at room temperature 
(Scheme 94). 
 
Scheme 94 Attempted dehalogenation of 4.6o 
Subsequently, the reaction of 1-iodohexyne 4.17e with [CuI(PPh3)3] 2.18 (5 mol %) and 2,6-
lutidine (20 mol %) was attempted, and after 18 h stirring, a singlet at δ 3.07 ppm was 
observed in the 1H NMR of the crude mixture, which is indicative of the alkyne proton of 1-
hexyne. Hence, the resulting terminal alkyne formed from 4.17e under catalytic conditions 
would be then free to react with benzyl azide to form the 5-H triazole.  
 
Scheme 95 Dehalogenation of 1-iodohexyne 4.17e  
It is clear that [CuI(PPh3)3] 2.18 is a good catalyst for this cycloaddition reaction, but 
unfortunately, in some cases, 5-H triazoles were observed in the reaction mixtures of some 
crude products. Not only does this catalytic system employ, to the best of our knowledge, the 
lowest copper loading reported for this transformation, it also relies on a cheap and readily 
available catalyst.  
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4.5.3.2. Copper(I) complexes bearing N-heterocyclic carbene ligands 
4.5.3.2.1. Synthesis of NHC complexes 
N-Heterocyclic carbenes (NHCs), once a laboratory curiosity, are now commonplace ligands 
in organometallic chemistry and catalysis. Early reports using these ligands date back to the 
1960s, when Wanzlick isolated a [Hg(NHC)] complex266 and Öfele reported the preparation 
of chromium pentacarbonyl complex bearing an NHC ligand.267  
Arduengo isolated the first stable free N-heterocylic carbene, IAd (N,N′-
diadamantylimidazol-2-ylidene) in 1991 (Figure 31).268 This discovery was a true 
breakthrough as it showed that certain carbenes could be prepared, isolated and stored under 
standard Schlenk techniques, and since then, their coordination chemistry with a wide range 
of metals has been explored.269,270 
Among the most commonly used NHC ligands are the five-membered ring imidazol-2-
ylidenes IPr, IMes and IAd, and imidazolin-2-ylidenes SIPr and SIMes (Figure 31).  
 
Figure 31 Commonly used NHC ligands 
[CuX(NHC)] complexes are generally prepared by the reaction from an imidazolium salt in 
the presence of a strong base and a copper(I) halide. For instance, [CuX(IAd)] complexes 
4.18-4.20 were prepared in good yields from IAd∙HBF4 and the corresponding copper(I) salt 
(Table 29).74  
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Table 29 Synthesis of [CuX(NHC)] complexes 4.18-4.22  
 
NHC∙HX [CuX(NHC)] Yield/% 
IAd∙HBF4  [CuCl(IAd)] 4.18 81 
IAd∙HBF4  [CuBr(IAd)] 4.19 81
 
IAd∙HBF4  [CuI(IAd)] 4.20 75 
SIPr∙HCl  [CuCl(SIPr)] 4.21 83 
SIPr∙HCl  [CuI(SIPr)] 4.22 77 
 
It is important to note that IAd∙HCl was not efficiently deprotonated under these reaction 
conditions and 25% of the starting salt remained after overnight stirring. A large excess of 
base should be avoided in these reactions since it facilitates the formation of bis-NHC 
copper(I) complexes. On the other hand, [CuX(SIPr)] complexes 4.21 and 4.22 were prepared 
from SIPr∙HCl in good yields.74  
Table 30 Synthesis of [CuX(NHC)] complexes 
 
NHC∙HCl [CuX(NHC)] Solvent Yield/% 
IMes∙HCl  [CuCl(IMes)] 4.23 Toluene 78 
IMes∙HCl  [CuBr(IMes)] 4.24 Toluene 62 
SIMes∙HCl  [CuCl(SIMes)] 4.25 Toluene 70 
IPr∙HCl  [CuCl(IPr)] 4.26 THF 94 
IPr∙HCl  [CuBr(IPr)] 4.27 THF 80 
Complexes  [CuCl(IMes)] 4.23,271 [CuBr(IMes)] 4.24,272 [CuCl(SIMes)] 4.25,78 [CuCl(IPr)] 
4.26,273 and [CuBr(IPr)] 4.2774 were prepared from the reaction of the corresponding 
copper(I) halide and NHC∙HCl in either toluene or THF with t-BuONa as the base (Table 30). 
When these conditions were applied to the synthesis of [CuI(IPr)] 4.28, 5-10% of [Cu(IPr)2]
+
 
was formed even when 2.5 equivalents of CuI were used. Following the synthetic procedure 
used to prepare [CuX(IAd)] 4.20, [CuI(IPr)] 4.28 was prepared in 81% yield (Scheme 96). 
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Scheme 96 Synthesis of [CuI(IPr)] 4.28 
On the other hand cationic complexes 4.29-4.33 were prepared from [Cu(NCMe)4]X (X = 
PF6, BF4) and NHC∙HBF4 in the presence of a strong base (Table 31).
274,275 
Table 31 Synthesis of [Cu(NHC)2]X complexes 
 
NHC X [Cu(NHC)2]X Yield/%
 
IPr PF6 [Cu(IPr)2]PF6 4.29 96 
SIMes PF6 [Cu(SIMes)2]PF6 4.30 86 
SIMes BF4 [Cu(SIMes)2]BF4 4.31 86 
IMes PF6 [Cu(IMes)2]PF6 4.32 91 
IAd PF6 [Cu(IAd)2]PF6 4.33 99 
4.5.3.2.2. [CuX(NHC)]-catalysed azide-iodoalkyne cycloaddition reaction 
Cu‒NHC complexes have been shown to be remarkable catalysts for the cycloaddition 
reaction of organic azides with terminal alkynes (see Section 1.3.1.2.1). In consequence, our 
investigations initiated with the cycloaddition reaction of benzyl azide and 
(iodoethynyl)benzene 4.17d in the presence of 5 mol % [CuX(NHC)] as the model reaction 
(Table 32). The conversions were calculated by integration of the benzylic peaks of the 
triazole and starting azide, which resonate at δ 5.68 and 4.34 ppm, respectively. 
For the complexes bearing an IAd ligand, the conversion trend was in the order I > Br > Cl 
(Table 32, entries 1-3), but still, only 40% conversion was observed when [CuI(IAd)] 4.20 
was used (Table 32, entry 3). [CuCl(IMes)] 4.23 and [CuBr(IMes)] 4.24 gave 69% and 61% 
conversion into 4.6a, respectively (Table 32, entries 6 and 7). Complexes bearing saturated 
NHC ligands SIPr and SIMes were also screened (Table 32, entries 4, 5 and 8), with 
[CuCl(SIMes)] 4.25 leading to 76% conversion after 24 h stirring (Table 32, entry 8). 
Overall, IPr was the best ligand of the series, as [CuCl(IPr)] 4.26 outperformed all of the 
screened complexes as well as its bromide and iodide analogues (Table 32, entries 9-12). For 
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comparative purposes, the related cationic complex [Cu(IPr)2]PF6 4.29 was tested under 
identical conditions (Table 32, entry 12), but only 19% conversion was observed. In all cases, 
5-iodotriazole 4.6a was formed exclusively, without any trace of its 4-iodotriazole 
regioisomer or the corresponding 5-H triazole 2.40a.  
Table 32 [Cu(NHC)] screening for the azide-iodoalkyne cycloaddition reactiona 
 
Entry Catalyst Conv/%b  Entry Catalyst Conv/%b 
1  [CuCl(IAd)] 4.18 18  7  [CuBr(IMes)] 4.24 61 
2  [CuBr(IAd)] 4.19 24  8  [CuCl(SIMes)] 4.25 76 
3  [CuI(IAd)] 4.20 40  9  [CuCl(IPr)] 4.26 83 
4  [CuCl(SIPr)] 4.21 18  10  [CuBr(IPr)] 4.27 22 
5  [CuI(SIPr)] 4.22 18  11  [CuI(IPr)] 4.28 22 
6  [CuCl(IMes)] 4.23 69  12 [Cu(IPr)2]PF6 4.29 19 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, [Cu] (5 mol %), 2 
mL THF. b 1H NMR azide conversions are the average of at least two independent experiments. 
The most promising catalyst, [CuCl(IPr)] 4.26, was then tested in different solvents. THF 
(Table 33, entry 1) was far superior to all other tested solvents. Reactions in DMF, toluene, 
1,4-dioxane, acetonitrile, methanol, acetone or DMSO gave either trace or no conversion into 
4.6a (Table 33, entries 2-8). Only the reaction on water led to a significant but poor 
conversion (17%, Table 33, entry 9). In the absence of solvent, the reaction reached 88% 
conversion (Table 33, entry 10).  
Interestingly, increasing the concentration from the starting conditions (0.25 M) to 0.5 M or 1 
M THF only gave conversions of 0 and 9%, respectively with [CuCl(IPr)] 4.26. On the other 
hand, when the concentration was decreased to 0.1 M, only starting materials could be 
observed by 1H NMR spectroscopy. Thus, either neat or 0.25 M solutions in THF are optimal 
for this cycloaddition reaction with [CuCl(IPr)] 4.26. 
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Table 33 Solvent screening with [CuCl(IPr)]a 
 
Entry Solvent Conversion/%b  Entry Solvent Conversion/%b 
1 THF 83  6 MeOH 0 
2 DMF 0  7 Acetone 5 
3 Toluene 0  8 DMSO 0 
4 1,4-Dioxane 0  9 H2O 17 
5 MeCN 5  10 Neat 88 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, [CuCl(IPr)] 4.26 (5 
mol %), 2 mL solvent. b 1H NMR azide conversions are the average of at least two independent experiments. 
Next, the catalyst loading was optimised. The reaction conversion steadily decreased as the 
amount of catalyst was lowered (Table 34), and a rise in the reaction temperature (from room 
temperature to 40 °C led to the decomposition of the starting iodoalkyne and no cycloadduct 
could be detected. Therefore, the original catalyst loading (5 mol %) was kept for this 
transformation. 
Table 34 [CuCl(IPr)] 4.26 loading optimisationa 
 
Entry [Cu]/mol % Conv/%b  Entry [Cu]/mol % Conv/%b 
1 5 88  4 2 28 
2 4 78  5 1  7 
3 3 61  6 5   0c 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, [CuCl(IPr)] 4.26 (X 
mol %), neat, RT, 24 h. b 1H NMR azide conversions are the average of at least two independent experiments.               
c Reaction at 40 °C. 
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Different nitrogen-containing additives were next employed together with [CuCl(IPr)] 4.26 
(Table 35) in an attempt to achieve total conversion in the model reaction. Triethylamine, 
DIPEA and 2,6-lutidine (Table 35, entries 2-4) had no effect on the conversion. 1,10-
Phenanthroline completely inhibited this cycloaddition reaction (Table 35, entries 5 and 6). 
Interestingly, this particular ligand has been shown to enhance the reactivity of 
[CuCl(SIMes)] in the cycloaddition reaction of organic azides and terminal alkynes.76,77  
Table 35 Effect of nitrogen-containing additives with [CuCl(IPr)] 4.26a 
 
Entry Ligand Conversion/%b 
1 None 88 
2 NEt3 89 
3 DIPEA 87 
4 2,6-lutidine 81 
5 1,10-phenanthroline  0 
6 1,10-phenanthroline   0c 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, [CuCl(IPr)] 4.26 (5 
mol %), additive (5 mol %), neat, RT, 24 h. b 1H NMR azide conversions are the average of at least two 
independent experiments. c Reaction mixture 0.25M in THF. 
In our hands, a bright green colour was observed under neat conditions when 1,10-
phenanthroline was added to the neat reaction mixture, suggesting a possible oxidation to 
copper(II) species and in consequence, a catalytic dead-end. Complexation of phenanthroline 
to the copper centre might occur, although the reported [CuCl(SIMes)(phen)] complex is 
red.76 No green colour was observed when THF was used as the solvent, but still, no triazole 
product was formed. 
When 1,10-phenanthroline was added to a solution of [CuCl(IPr)] 4.26 in dichloromethane, 
the solution immediately turned red. Precipitation with petroleum ether gave a light red 
powder whose 1H NMR spectrum showed a mixture of starting material and a new compound 
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which could be [CuCl(IPr)(phen)],  but all attempts to separate both compounds failed. The 
lower conversion into a phenanthroline adduct from [CuCl(IPr)] when compared to 
[CuCl(SIMes)]76 is probably due to the higher steric hindrance of the IPr ligand.201 
The effect of a nitrogen-containing additive might not be effectively observed due to the 
relatively high copper loading. Thus, the amount of copper used was lowered whilst keeping 
the loading of 2,6-lutidine at 5 mol % (Table 36). 2,6-Lutidine was chosen since it was 
beneficial in the [CuI(PPh3)3]-catalysed azide-iodoalkyne cycloaddition reaction (see section 
4.5.3.1).  As the copper loading was reduced, the deleterious effect of 2,6-lutidine could be 
clearly observed. At all copper loadings, the conversion to the iodotriazole was lower in the 
presence of 2,6-lutidine by as much as 33% (Table 36, entries 2 and 3). This is in stark 
contrast to the [CuI(PPh3)3]-catalysed azide-iodoalkyne cycloaddition reaction, where the use 
of 4 mol % 2,6-lutidine allowed for copper loadings of just 1 mol % whilst ensuring high 
conversions into 4.6a (see Table 27). 
Table 36 Effect of 2,6-lutidine at low copper loadingsa 
 
Entry [Cu]/mol % Conversion/%b 
1 5 81 (88)c 
2 4 45 (78)c 
3 3 28 (61)c 
4 2 15 (28)c 
5 1  5   (7)c  
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, [CuCl(IPr)] (X mol 
%), 2,6-lutidine (5 mol %), neat, RT, 24 h. b 1H NMR conversions are the average of at least two independent 
experiments. c 1H NMR conversions in the absence of 2,6-lutidine. 
With an optimised catalytic system in hand, the scope of the [CuCl(IPr)]-catalysed azide-
iodoalkyne cycloaddition reaction was next explored (Scheme 98). Several iodotriazoles 
could be prepared in good to high yields, including examples bearing electron-rich or 
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electron-poor benzylic chains, alcohol, ester or cyclopropyl groups (triazoles 4.6a–c and 
4.6p-s). On the other hand, the reactions with alkyne or olefin-containing substrates only led 
to the isolation of the starting materials (triazoles 4.6f, 4.6j and 4.6j).  
The use of nitrogen-containing substrates such as amines and pyridines led to low 
conversions (triazoles 4.6t, 4.6u, 4.6v and 4.6w), which correlates well with the 
neutral/negative effect of nitrogen-based additives summarised in Table 35. Aromatic azides 
also displayed poor reactivity in the reaction (triazoles 4.6g and 4.6h). In the particular case 
of triazole 4.6s, a very slight increase in copper loading (6 mol %) had a dramatic effect in 
the reaction conversion, but in all other instances, the extra copper failed to enhance the 
conversion into iodotriazole (triazoles 4.6h, 4.6k and 4.6t).  
The products were easily isolated from the reaction mixture by hydrolysis using saturated 
aqueous ammonium chloride solution, and washing the resulting solid with water and 
pentane, to give pure 5-iodo-1,2,3-triazoles in good yields, and at least 95% purity without 
the need for purification by column chromatography. 
4.6. Mechanistic studies 
4.6.1. Origin of 5-H triazoles 
A number of experiments were conducted to determine the origin of 5-H triazoles, which 
were observed in some of the crude [CuI(PPh3)3]-catalysed azide-iodoalkyne cycloaddition 
reaction mixtures  When a mixture of benzyl azide 2.36a, (iodoethynyl)benzene 4.17d and 1-
hexyne was stirred together in the presence of [CuI(PPh3)3] 2.18 (1 mol%) and 2,6-lutidine (4 
mol %), a mixture of two iodotriazoles could be observed by 1H NMR analysis (Scheme 97). 
Surprisingly, no 5-H triazole was formed under these conditions.  
 
Scheme 97 Crossover experiment 
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Scheme 98 Scope of the [CuCl(IPr)]-catalysed azide-iodoalkyne cycloaddition reaction. Yields are isolated 
yields and are the average of at least two independent experiments. a Isolated yield with  6 mol % [CuCl(IPr)] 
4.26, only 40% conversion observed using 5 mol % [CuCl(IPr)]. b 1H NMR conversions are the average of at 
least two independent experiments. c 1H NMR conversion with 6 mol % [CuCl(IPr)] 4.26. 
We proposed that the iodine could be transferred from (iodoethynyl)benzene 4.17d to 1-
hexyne, furnishing 1-iodohexyne which can also react with the azide. To test this hypothesis, 
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a mixture of iodoethynylbenzene 4.17d and 1-hexyne was stirred under identical conditions, 
and after 18 h stirring at room temperature, 50% of 1-hexyne had been converted to 1-
iodohexyne 4.17e (Scheme 99). 
 
Scheme 99 Iodine transfer from 4.17d to 1-hexyne 
4.6.2. Investigating the nature of the actual catalytic species 
Unlike the related CuAAC reaction, ligands are required in the cycloaddition reactions of 
azides and iodoalkynes. Well-defined catalysts possess a number of advantages over in situ-
generated systems, but in most cases, the complex used is a precatalyst, rather than the actual 
catalytic species. Therefore, the next step in this study was to determine which metallic 
species are most likely to be the active ones for both the [CuCl(IPr)] 4.26 and [CuI(PPh3)3]-
catalysed reactions. 
In the case of [CuCl(IPr)] 4.26, the strength of the metal–NHC bond276 and the mild reaction 
conditions should ensure the structural integrity of the catalyst. 1H NMR analysis of the crude 
model reaction mixture showed that the complex remains intact, since the [CuCl(IPr)] 4.26 
signals in the 1H NMR spectrum of the reaction mixture overlapped with the 1H NMR 
spectrum of an authentic sample of the catalyst. In consequence, we used [CuCl(IPr)] 4.26 in 
our theoretical studies. 
To gain some insight into the activation pathway of [CuI(PPh3)3] 2.18, a number of 
stoichiometric experiments were performed (Scheme 100). Firstly, 1H and 31P NMR spectra 
of a stoichiometric mixture of [CuI(PPh3)3] 2.18 and 2,6-lutidine only showed signals 
corresponding to the starting materials. Similarly, a stoichiometric mixture of the analogous 
monophosphine complex [CuI(PPh3)] 2.14 with 2,6-lutidine gave no reaction. 
No reaction was observed when [CuI(PPh3)3] 2.18 was mixed with either benzyl azide 2.36a 
or (iodoethynyl)benzene 4.17d, both with or without 2,6-lutidine. It is important to note that 
there are no known examples of copper(I) complexes bearing both phosphine and lutidine 
ligands.151 Finally, no interaction between 2,6-lutidine and either the azide or alkyne starting 
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materials could be observed by 1H NMR spectroscopy. Since no reactivity was observed in 
these stoichiometric reactions, and 2,6-lutidine was only required at low catalyst loadings, the 
role of 2,6-lutidine was not further investigated during in the mechanistic studies. 
 
Scheme 100 Attempted stoichiometric reactions 
The active species for the [CuI(PPh3)3]-catalysed azide-iodoalkyne cycloaddition reaction is 
more difficult to predict since ligand decoordination from the copper(I) centre must be 
accounted for, in addition to polynuclear species that could arise through halogen bridging.140 
In this cycloaddition, the reactions are run in the absence of solvent, which on one hand could 
restrict the number of different possible species, but also means that literature results cannot 
be extrapolated to our catalytic systems. 
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Since phosphine ligands are more labile than NHC ligands, different amounts of free 
triphenylphosphine were added to the reaction mixtures containing benzyl azide 2.36a, 
(iodoethynyl)benzene 4.17d and CuI, to investigate the optimal metal/ligand ratio (Table 37). 
As expected, no reaction occurred in the absence of ligand (Table 37, entry 1),277 whereas the 
best conversion was observed when 10 mol % phosphine (1:2 copper/ligand ratio) were 
added (Table 37, entry 3). Increasing the amount of phosphine to 15 and 20 mol % (Table 37, 
entries 4 and 5) had a deleterious effect on the reaction conversion, which may be due to 
inefficient mixing under neat conditions. Similarly, a 1:4 metal/ligand ratio was tested by the 
addition of 5 mol % PPh3 to 5 mol % [CuI(PPh3)3] 2.18 (Table 37, entry 7), which gave 85% 
conversion into 4.6a.278 Overall, pre-formed complex [CuI(PPh3)3] 2.18 (Table 37, entry 6) 
remained the most efficient catalyst.  
Table 37 Optimisation of the metal/ligand ratio 
 
Entry PPh3/mol % Conversion/%
b 
1 0 0 
2 5 41 
3                  10 81 
4                  15 70 
5                   20 <5 
 6c                    0 90 
 7c                    5 85 
a Reaction conditions: 0.5 mmol benzyl azide 2.36a, 0.5 mmol (iodoethynyl)benzene 4.17d, CuI (5 mol %), 
PPh3 (X mol %), neat, RT, 18 h. 
b 1H NMR conversions are the average of at least two independent experiments.                 
c [CuI(PPh3)3] 2.18 (5 mol %) used. 
When in situ-generated catalysts are used (Table 37), the free phosphine and azide 2.36a 
might react to form the corresponding iminophosphorane 4.34 via a Staudinger reaction.279 
Since these cycloaddition reactions are performed without any particular exclusion to air and 
moisture, 4.34 would then be expected to be hydrolysed to give benzylamine and 
triphenylphosphine oxide (Scheme 101). Indeed, when the model reaction was run in the 
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presence of CuI (5 mol %) and PPh3 (15 mol %), a new multiplet at δ 4.29 ppm was observed 
in the 1H NMR spectrum, but no traces of benzylamine were detected. The 31P NMR 
spectrum of the reaction mixture showed two sharp singlets at δ 29.6 and 39.2 ppm (ratio 
1:2). The singlet at δ 29.6 ppm corresponds to triphenylphosphine oxide, but the second 
signal was attributed to the formation of phosphonium salt 4.35, based on similar chemical 
shifts of benzylaminophosphonium salts reported in the literature.280 
 
Scheme 101 Side reactions with PPh3 
When the model reaction was carried out with 5 mol % [CuI(PPh3)3] 2.18, the 
31P NMR 
spectrum of the reaction mixture did not contain the signals corresponding the starting 
catalyst [CuI(PPh3)3] 2.18, monophosphine analogue [CuI(PPh3)] nor free 
triphenylphosphine. In total there were three phosphorus-containing compounds, the major 
one being triphenylphosphine oxide. Additionally, two other unknown minor products could 
be observed with resonances at δ 9.6 and 6.6 ppm. These results suggest that [CuI(PPh3)3] is 
not the actual catalytic species in this cycloaddition reaction, but also that all 
triphenylphosphine molecules play an important part in the catalytic cycle, possibly 
stabilising one or more reactive species, avoiding their decomposition and loss of activity 
since they are not available for reacting with 2.36a. Taking these results into account, 
[CuI(PPh3)] was used in the theoretical study. 
4.6.3. Computational studies 
One of the proposed mechanisms for the azide-iodoalkyne cycloaddition reaction involves 
the formation of a copper acetylide species, which would lead to a sensitive copper triazolide 
species (see Path A, Scheme 76).226 Copper triazolide species are inherently sensitive and 
should lead to the formation of the corresponding 5-H triazole as the major product.231 The 
original authors226 of the proposed reaction mechanism shown in Scheme 76 reported that 
this cycloaddition reaction can be carried out without any particular precaution to air or 
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moisture. The formation of a copper acetylide species can therefore be ruled out as a first 
step. 
We then hypothesised about the feasibility of a sequential oxidative 
addition/cycloaddition/reductive elimination pathway, which was not originally proposed by 
Fokin.226 This pathway also involves scission of the carbon‒iodine bond on the iodoalkyne, 
but the iodine atom would remain in the coordination sphere of copper, and hence no 
dehalogenation would be expected. Using benzyl azide and (iodoethynyl)benzene 4.17d as 
model substrates, transition state 4.36 for the oxidative addition process was located (Figure 
32), but this species was 40 Kcal/mol above the starting materials, which would not be 
possible under the mild reaction conditions used in our study. 
 
Figure 32 Transition state for oxidative addition 
π-coordination of the iodoalkyne to copper was previously proposed as the first step in this 
cycloaddition reaction (see Path B, Scheme 76).226 Our DFT calculations showed that π-
activation of 4.17d with [CuI(PPh3)] led to two possible metallacyclopropanes 4.37 and 4.38  
(Scheme 102).  
 
Scheme 102 Formation of metallacyclopropene intermediates 
The next stage in our study involved the intermediacy of a previously proposed226 6-
membered metallacycle transition state 4.39, formed from the reaction of 4.37 and benzyl 
azide 2.36a (Figure 33). In this pathway the C‒I bond would remain intact throughout the 
cycloaddition reaction. Our calculations showed that 4.39 had a relative energy of 23 
Kcal/mol, which would be viable. Moreover, the located regioisomeric transition state, which 
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would lead to the corresponding 4-iodotriazole, was 4 Kcal/mol higher in energy than 4.39, 
which would explain the experimental formation of the 5-iodotriazole exclusively. 
 
Figure 33 6-membered metallacycle transition state 
We then explored a more direct pathway with the interaction of benzyl azide 2.36a with 4.37. 
DFT calculations showed that this reaction would lead to transition state 4.40 (that had a 
relative energy of 19 Kcal/mol, lower than that of 4.39) and would ultimately give the 
corresponding 5-iodotriazole. On the other hand, transition state 4.41, required for the 
formation of the corresponding 4-iodotriazole isomer had an energy of 34 Kcal/mol. 
Computational studies are still underway to determine the reaction mechanism. 
 
Figure 34 Transition states for direct π-activation 
162 
 
4.7. Conclusions 
A range of metal salts and complexes were used in the cycloaddition of benzyl azide with 3-
hexyne or 4-octyne, but in general, poor conversions of starting materials were observed. Of 
all the metals tested, palladium(II) was the most active, and further studies on the reactivity 
of palladium(II) salts with organic azides by other members of our research group allowed for 
the finding of novel catalytic systems for the expedient synthesis of nitriles and imines.259 
A range of copper(I) complexes bearing phosphorous ligands were tested in the azide-
iodoalkyne cycloaddition reaction. Optimisation of the reaction conditions allowed the use of 
[CuI(PPh3)3] 2.18  in the preparation of a range of iodotriazoles under mild conditions. 
[CuI(PPh3)3] 2.18 is a cheap, convenient and stable catalyst that performs well at the lowest 
catalyst loading reported for this transformation to date. Unfortunately in some cases, 5-H 
triazoles are formed due to dehalogenation of the starting alkyne, which would be free to 
react with azide. 
Next, a range of copper(I)‒NHC complexes were tested in the same cycloaddition reaction. 
Neutral complexes outperformed cationic ones, and optimisation of the conditions showed 
that commercially available [CuCl(IPr)] 4.26 was the most active under neat conditions. A 
range of iodotriazoles were prepared, and gratifyingly, no dehalogenation or byproducts were 
observed. [CuCl(IPr)] 4.26 is the first example of a catalyst that can mediate the azide-
iodoalkyne cycloaddition reaction without any external additive. In addition, no byproducts 
are formed in the cycloaddition reaction and 5-iodotriazoles can be isolated in good yields by 
filtration. However, [CuCl(IPr)] 4.26 is not tolerant to functional groups such as olefins or 
amines.  
[CuCl(IPr)] and [CuI(PPh3)] were used as catalysts in the computational study of the model 
reaction. An initial oxidative addition process was studied, but DFT calculations showed that 
the transition state for this pathway was too high in energy and was not energetically viable 
under our mild reaction conditions. We then considered direct π-activation of 
(iodoethynyl)benzene 4.17d, which gave two regioisomeric metallacyclopropanes. Previously 
proposed226 6-membered transition state 4.39 was studied, and our calculations showed that 
this pathway was possible. Reaction of metallacyclopropene 4.37 with benzyl azide 2.36a 
gave transition state 4.40 (which would lead to formation of the corresponding 5-
iodotriazole), was 4 Kcal/mol lower in energy than 4.39. Furthermore, 4.40 was 15 Kcal/mol 
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lower in energy than transition state 4.41, and, a reason why 4-iodotriazoles have not been 
previously observed in this cycloaddition reaction. Computational studies are still underway 
to determine the most likely reaction pathway. 
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5. Functionalisation Reactions of 1,2,3-
Triazoles 
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5.1. Introduction 
Heterocycles form, by far, the largest division of organic chemistry, and are of immense 
importance in pharmaceutical and synthetic chemistry and material science.281 In 
consequence, heterocycle functionalisation reactions, which are typically mediated by a 
transition metal catalyst,282 have received substantial attention. The cycloaddition reaction of 
azides and internal alkynes yields, in general, poor regioselectivity (see section 4.2), therefore 
research has been focused on the functionalisation reactions of 5-iodotriazoles and 5-H 
triazoles. 
5.2. Functionalisation of 5-iodotriazoles 
5.2.1. Introduction 
Functionalisation reactions of 5-iodotriazoles have been reported, but are limited to 
palladium-catalysed C‒C bond forming reactions (see section 4.3.1). Our aims included the 
development of a C‒O forming cross-coupling reaction and a radical cyclisation reaction in 
order to yield 1,4,5-trisubstituted-1,2,3-triazoles. 
5.2.2. Preparation of iodotriazoles 
The catalytic systems reported in section 4.5.3 are only suitable for the preparation of 5-
iodotriazoles under neat conditions. Azides are highly energetic species and working with 
large amounts of azide under solvent-free conditions poses a safety issue. In consequence, a 
CuI/TTTA combination, reported by Fokin226 was employed to prepare larger amounts of the 
required 5-iodotriazoles for use as substrates in the iodotriazole functionalisation reactions. 
TTTA 5.1 was prepared in two steps (Scheme 103). Firstly, t-butyl azide 5.2 was prepared in 
65% yield by the reaction of t-butanol with in situ-generated HN3.
283  
 
Scheme 103 Preparation of TBTA 5.1 
It is important to note that, although HN3 is highly toxic and explosive, dilute solutions can 
be safely handled at low temperatures. Next, reaction of 5.2 with tripropargylamine in the 
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presence of [Cu(NCMe)4]BF4 and 2,6-lutidine in acetonitrile afforded TTTA 5.1 as a white 
solid in 48% yield after 3 days.66 
5-Iodotriazoles 4.6 were then prepared on a 3-10 mmol scale in good yields following the 
procedure reported by Fokin (Scheme 104).226 The desired iodotriazoles were isolated by 
concentration of the reaction mixture, followed by washing with saturated ammonium 
chloride solution, filtration and washing with water and pentane. 
 
Scheme 104 CuI/TTTA-catalysed synthesis of triazoles 
5.2.3. C‒O bond forming cross-coupling reactions 
5.2.3.1. Introduction 
The diaryl ether motif is a common structural feature in an impressive number of 
biologically-active compounds and natural products.284,285 They are classically prepared by 
the copper-mediated Ullmann reaction of phenols with aryl halides, but this method has a 
number of drawbacks, namely harsh conditions that are not tolerant of many functional 
groups.286 Almost a century later, Lam,287 Chan288 and Evans289 developed the copper-
catalysed coupling of arylboronic acids with phenols. This methodology has been applied to 
the synthesis of a number of natural products,284,285 but still, a number of limitations remain, 
such as the availability and cost of the starting arylboronic acid. 
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In 1997, Buchwald reported the first copper-catalysed procedure for the synthesis of diaryl 
ethers from aryl halides and phenols.290 5-Iodotriazoles are useful synthetic intermediates and 
have been employed in palladium-catalysed couplings and halogen exchange reactions (see 
section 4.3.1), but to the best of our knowledge, they have not been exploited in the synthesis 
of diaryl ethers. 5-Halotriazoles have previously been used as substrates in O-arylation 
reactions, but only scarce examples are available. For instance, 5-phenoxytriazole 5.3 was 
prepared in 82% from the reaction of the corresponding chlorotriazole and phenol in the 
presence of sodium hydride in DMF (Scheme 105).291,292 Fokin reported that 5-fluorotriazoles 
reacted under similar reaction conditions to give 5-O-triazoles,234 but the synthesis of such 
substrates via a catalytic method has not yet been disclosed. 
Scheme 105 Preparation of 5.3 
5.2.3.2. Results and discussion 
Our investigations began with the reaction of iodotriazole 4.6a with 4-methoxyphenol as the 
model reaction. A range of bases were screened in the presence of 5 mol % CuI in hot DMF, 
and after overnight stirring, the starting material was completely consumed but unfortunately, 
only dehalogenated starting material 2.40a was observed by 1H NMR analysis of the reaction 
mixture (Table 38, entries 1 and 2). Similar results were obtained when NaOH, KOH, 
Li2CO3, K2CO3 or NaH were used.  
Adding 10 mol % 1,10-phenantholine did not improve the outcome of the reaction (Table 38, 
entries 3 and 4). Pre-formed complexes [CuI(PPh3)3] 2.18 and [CuCl(IPr)] 4.26 were also 
tested, but again, only 2.40a was formed (Table 38, entries 5-8). When 4.6a, 4-
methoxyphenol and t-BuOLi were stirred in DMF at 140 °C, full conversion into 2.40a was 
observed, suggesting that the dehalogenation process was not copper-catalysed, and milder 
reaction conditions are required. 
Next, the reaction temperature was lowered (Table 39), but as the temperature was decreased, 
the conversion into dehalogenated starting material 2.40a steadily decreased. Unfortunately, 
no cross-coupled product 5.4 was observed in any case. 
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Table 38 Initial screening for the reaction of 4.6a with 4-methoxyphenola 
a 
Reaction conditions: 0.5 mmol iodotriazole 4.6a, 0.75 mmol 4-methoxyphenol, 1.25 mmol base, [Cu] (5 mol 
%), ligand (10 mol %), DMF (1 mL), 140 °C, 18 h. b 10 mol % ligand used. c 1H NMR conversions are the 
average of at least two independent experiments. 
A range of solvents were tested in the reaction of 4.6a with 4-methoxyphenol at 80 °C (Table 
40). Reactions using 5 mol % CuI as catalyst only led to the recovery of starting materials in 
toluene or acetonitrile (Table 40, entries 1 and 2). No reactivity was also observed in 1,4-
dioxane. Although no 5.4 was detected, pre-formed complexes 2.18 and 4.26 in toluene led to 
increased conversions into the corresponding dehalogenated triazole 2.40a, suggesting that 
the dehalogenation was copper-catalysed (Table 40, entries 3 and 4). Of note, reaction 
without any catalyst in toluene led to the recovery of starting materials (Table 40, entry 5), 
but in acetonitrile, 35% of 4.6a had been converted into 2.40a after 18 h stirring at 80 °C 
(Table 40, entry 6). 
 
Entry Catalyst Ligandb Base Conv to 5.4/%c Conv 2.40a/%c 
1 CuI - K3PO4 <5 >95 
2 CuI - t-BuOLi <5 >95 
3 CuI Phen K3PO4 <5 >95 
4 CuI Phen t-BuOLi <5 >95 
5 [CuI(PPh3)3] 2.18 - K3PO4 <5 >95 
6 [CuI(PPh3)3] 2.18 - t-BuOLi <5 >95 
7 [CuCl(IPr)] 4.26 - K3PO4 <5 >95 
8 [CuCl(IPr)] 4.26 - t-BuOLi <5 >95 
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Table 39 Effect of temperature on the reaction of 4.6a with 4-methoxyphenola 
a 
Reaction conditions: 0.5 mmol iodotriazole 4.6a, 0.75 mmol 4-methoxyphenol, 1.25 mmol t-BuOLi, CuI (5 mol 
%), DMF (1 mL), 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
Table 40 Solvent screening for the reaction of 4.6a with 4-methoxyphenola 
a Reaction conditions: 0.5 mmol iodotriazole 4.6a, 0.75 mmol 4-methoxyphenol, 1.25 mmol t-BuOLi, [Cu] (5 
mol %), solvent (1 mL), 80 °C, 18 h. b 1H NMR conversions are the average of at least two independent 
experiments. 
Entry Temperature/(°C) Conversion to 5.4/%b Conversion to 2.40a/%b 
1 140 <5 >95 
2 100 <5   44 
3 80 <5   44 
Entry Catalyst Solvent Conv to 5.4/%b Conv to 2.40a/%b 
1 CuI Toluene <5 <5 
2 CuI MeCN <5 <5 
3 [CuI(PPh3)3] 2.18 Toluene <5 35 
4 [CuCl(IPr)] 4.26 Toluene <5 19 
5 - Toluene <5 <5 
6 - MeCN <5 35 
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The starting material was then changed to observe whether the substituents on the triazole 
ring could affect the outcome of the reaction. Copper(I) complexes were tested in the reaction 
of 4.6d and 4-methoxyphenol using t-BuOLi in DMF (Table 41, entries 1-4). 5 mol % 
[CuI(PPh3)3] 2.17 and [CuCl(IPr)] 4.26 both gave 90% conversion into dehalogenated 
starting material 2.40o (Table 41, entries 1 and 2). A blank experiment under identical 
conditions led to 45% conversion into 2.40o (Table 41, entry 3), suggested copper-promoted 
dehalogenation occurred in entries 1 and 2. Changing the base had a dramatic effect on the 
conversion into 2.40o when [CuI(PPh3)3] was used as catalyst. Using NaOH or NaH gave 
similar conversions (Table 41, entries 4 and 5), but these were much lower compared to the 
reaction using t-BuOLi (Table 41, entry 1). The use of K3PO4 only led to the recovery of 
starting materials (Table 41, entry 8).  
Table 41 Screening conditions for the reaction of 4.6d with 4-methoxyphenol 
 
Entry Catalyst Base Conv to 4.7/%b Conv to 2.40o/%b 
1 [CuI(PPh3)3] 2.18 t-BuOLi <5 90 
2 [CuCl(IPr)] 4.26 t-BuOLi <5 90 
3 - t-BuOLi <5 45 
4 [CuI(PPh3)3] 2.18 NaOH <5 38 
5 [CuI(PPh3)3] 2.18 NaH <5 35 
6 [CuI(PPh3)3] 2.18 K3PO4 <5 <5 
a Reaction conditions: 0.5 mmol iodotriazole 4.6d, 0.75 mmol 4-methoxyphenol, 1.25 mmol base, [Cu] (5 mol 
%), solvent (1 mL), 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent 
experiments. 
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5.2.4. Radical cyclisation reactions 
5.2.4.1. Introduction 
Triazoles with fused rings have found biological and pharmaceutical applications.293 To date, 
they are mainly prepared by the palladium-catalysed intramolecular reactions of 
iodoalkenes294 or aryl chlorides295 with 5-H triazoles. To date, there are no examples of fused 
triazoles derived from 5-halotriazoles. We hypothesised that 5-iodotriazoles with unsaturated 
moieties such as alkenes and alkynes or strained cycles such as cyclopropyl rings could 
participate in radical cyclisation reactions. A selection of targeted structures are highlighted 
in Figure 35. 
 
Figure 35 Targeted structures 
5.2.4.2. Results and discussion 
The cyclisation reaction of 4.6f was first attempted, with the intention of forming triazole 5.6 
via a 5-endo-trig cyclisation. Initially, dibenzoyl peroxide was used as the initiator for the 
reaction, however after work-up of the reaction mixture, only starting material could be 
observed. Addition of a stoichiometric amount of the initiator (rather than 10%) also resulted 
in the recovery of 4.6f. 
 
Scheme 106 Attempted cyclisation of 4.6f using dibenzoyl peroxide 
Next, a mixture of tributyltin hydride and AIBN (2,2′-azobis(2-methylpropionitrile)) was 
used for this cyclisation reaction. Initially, Bu3SnH and AIBN were dissolved in toluene, and 
added to the solution of the starting triazole in toluene at 80 °C over 6 h, to keep the 
concentration of the triazole radical low, followed by overnight stirring at 80 °C. 1H NMR 
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analysis of the reaction mixture showed that the starting material had been consumed, but 
only dehalogenated triazole 2.40i was observed. This result suggests that the radical 
concentration might be too high, facilitating formation of the undesired 5-H triazole. 
However, when the solution of Bu3SnH/AIBN in toluene was added at a slower rate (over 10, 
15 or 20 hours), the same results were obtained. Of note, no broad peaks (corresponding to 
oligomer formation) were observed in the crude 1H NMR spectra. 
 
Scheme 107 Attempted cyclisation of 3.6f using Bu3SnH/AIBN 
Terminal alkenes were also tested as substrates for the intramolecular radical reaction 
(Scheme 108). A 6-exo-trig cyclisation (favoured by Baldwin’s rules296) was attempted from 
4.6aa, and although the starting material had been consumed, only the corresponding 
dehalogenated triazole was obtained, as the 1H NMR spectrum of the crude reaction mixture 
showed a new singlet at δ 7.75 ppm, indicative of a triazole proton. Of note, no reaction was 
observed when dibenzoyl peroxide was used as the initiator. A 5-exo-trig cyclisation of 4.6ab 
was next tested, but 1H NMR analysis of the crude reaction mixture there was a 78% 
conversion to the corresponding 5-H triazole, along with 22% unreacted starting material.  
 
Scheme 108 Attempted radical cyclisation reactions 
Next, an alkyne-containing substrate was tested. Under the same reaction conditions as used 
for 4.6f, surprisingly, only starting material was observed in the 1H NMR spectrum of the 
crude product (Scheme 109).  
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Scheme 109 Attempted cyclisation of 4.6j 
Finally, a 5-endo-tet cyclisation of iodotriazole 4.6l was attempted (Scheme 110). Although 
such a cyclisation is disfavoured by Baldwin’s rules,296 we postulated that the release of the 
cyclopropyl ring strain may be a driving force for the reaction, but analysis of the crude 
reaction mixture showed that only 66% of 4.6l had reacted under these reaction conditions. A 
singlet at δ 5.46 ppm in the 1H NMR spectrum of the crude reaction mixture indicated that 
43% of starting iodotriazole 4.6l had been dehalogenated. A new, unknown peak at δ 5.54 
ppm (corresponding to 23% of the sample) also appeared in the 1H NMR spectrum, which did 
not correspond to the starting material. GC-MS analysis showed that the desired triazole 5.10 
had not formed, and this unknown compound was not identified. 
 
Scheme 110 Attempted cyclisation of 4.6l 
5.3. Functionalisation of 1,4-disubstituted triazoles - C‒H arylation 
reactions  
5.3.1. Introduction 
The biaryl motif is one the most common features of pharmaceuticals and biologically-active 
compounds, and thus, arylation of heterocycles has received significant interest recently.297 
The most cost-effective and shortest routes involve the direct functionalisation of heterocycle 
C‒H bonds.282 The direct arylation of heterocycles is mainly limited to palladium,298 
ruthenium299 and rhodium300 catalysis.301 Recent research has been focused on the 
replacement of aryl iodides with more widely available and economical aryl chlorides,302 but 
it may actually be more cost-effective to use an inexpensive transition metal catalyst. 
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The first C‒H arylation reaction of 1,2,3-triazoles was reported in 2006, when pyrrolo[1,2-
c]triazoles were obtained in moderate to good yields using 10 mol % Pd(OAc)2 as catalyst 
(Scheme 111).294 Only tetrasubstituted alkenes could be employed as substrates since β-
elimination to form the corresponding alkynes occurred preferentially under the basic 
reaction conditions. 
 
Scheme 111 Intramolecular arylation reaction 
In 2007, Gevorgan reported that triazoles were efficiently functionalised with aryl bromides 
using different palladium(0) or palladium(II) precursors in NMP (N-methyl pyrrolidone) 
under inert atmosphere.303 Importantly, a wide range of functional groups were tolerated and 
C-5 functionalised products were isolated in good to excellent yields. Later, Ackermann 
showed that 5 mol % Pd(OAc)2 was active in the arylation of triazoles in non-toxic 
polyethylene glycol PEG-20000 under aerobic conditions (Scheme 112).304 
 
Scheme 112 Palladium-catalysed arylation of 1,2,3-triazoles with aryl bromides in air 
Less-expensive and more difficult to activate aryl chlorides have also been employed instead 
of iodides and bromides. Under microwave irradiation (250 °C), a range of triazoles were 
obtained in good to excellent yields using 5 mol % Pd(OAc)2 and 10 mol % PCy3 (Scheme 
113).305 Notably, under these reaction conditions, aryl chlorides were actually more reactive 
than the corresponding aryl bromides and iodides. Ackermann showed that 4 mol % 
Pd(OAc)2 and 8 mol % PCy3 were efficient in catalysing the direct arylation reaction under 
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conventional heating at 120 °C in toluene.295 In contrast to the system reported by Oshima, 
aryl bromides were more reactive than aryl chlorides. 
 
Scheme 113 Arylation with aryl chlorides under microwave irradiation 
Aryl sulfonates are convenient electrophiles in cross-coupling chemistry, since they are 
generally highly crystalline, easy to handle and can be prepared from readily available 
phenols. However, their stability usually translates into poor reactivity in cross-coupling 
reactions, but in 2009, Ackermann disclosed a protocol for the first palladium-catalysed 
direct arylation of heterocycles with tosylates (Scheme 114).306 5 mol % Pd(OAc)2 with 10 
mol % XPhos (2-dicyclohexylphosphino-2′,4′,6′-tri-iso-propylbiphenyl) were used furnish 
1,4,5-trisubstituted triazoles in good to excellent yields.  
 
Scheme 114 Palladium-catalysed coupling of 1,2,3-triazoles with aryl tosylates 
Finally, palladium-catalysed dehydrogenative arylation reactions of 1,2,3-triazoles were 
reported by Ackermann in 2010, and 5 mol % Pd(OAc)2 with 1.2 equivalents of Cu(OAc)2 as 
sacrificial oxidant in toluene/PivOH (PivOH = t-BuCO2H) mediated this intramolecular 
reaction to furnish tricyclic triazoles in moderate to excellent yields (Scheme 115).307   
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Scheme 115 Palladium-catalysed dehydrogenative arylation of 1,2,3-triazoles 
Copper(I)-catalysed direct arylation reactions of heterocycles are scarce in the literature.308-313 
The first copper(I)-catalysed arylation reaction of 1,2,3-triazoles was reported by Ackermann 
(Scheme 116).314 10 mol % CuI was used with t-BuOLi in DMF at 140 °C, to produce a 
range of fully-substituted triazoles could be isolated in good to excellent yields.315  
 
Scheme 116 First copper(I)-catalysed arylation reaction of 1,2,3-triazoles 
The assembly of fully-substituted 1,2,3-triazoles via a one-pot, four-component coupling 
reaction involving a CuAAC/arylation sequence was reported by Ackermann (Scheme 
117).314 This synthetic methodology is attractive since 1,4,5-trisubstituted triazoles can be 
prepared in good yields without isolating organic azides or 5-H triazoles. 
 
Scheme 117 CuAAC/arylation sequence 
A novel tandem reaction for the synthesis of 1H-[1,2,3]triazolo[4,5-c]quinolin-4(5H)-ones 
has recently been reported (Scheme 118).316 Optimisation of the reaction conditions showed 
that DMF and MeCN were good solvent choices for the reaction, along with other copper(I) 
salts such as CuCl, CuBr, CuOTf and CuOAc, but the best results were obtained in DMSO 
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with CuI. Remarkably, the reaction proceeded smoothly in short times and at room 
temperature.  
 
Scheme 118 CuAAC/arylation tandem reaction at room temperature 
The reaction was likely to proceed via trapping of a copper triazolide intermediate, since the 
intramolecular annulation reaction of triazole 5.11 under the same reaction conditions failed 
to give any coupled product, even at higher temperature and prolonged reaction times 
(Scheme 119). 
 
Scheme 119 Attempted intramolecular C‒C bond formation reaction using triazole 4.1 
Ackermann proposed a mechanism for the copper-catalysed direct arylation of triazoles 
(Scheme 120).317 The first step involved in situ deprotonation of the starting triazole, 
followed by lithium-copper transmetallation which would give copper triazolide species 5.12. 
Activation of the aryl iodide would give 5.13 which would then undergo reductive 
elimination to liberate the 1,4,5-trisubstituted-1,2,3-triazole product and close the catalytic 
cycle. 
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Scheme 120 Proposed mechanism for copper(I)-catalysed direct arylation of 1,2,3-triazoles 
5.4.2. Project aims 
Thus far, no well-defined copper(I) complex has been applied to the arylation of 1,4-
disubstituted-1,2,3-triazoles. Ligands might allow milder reaction conditions and facilitate the 
formation of the proposed copper triazolide species 5.12 (Scheme 120). 
5.4.3. Results and discussion 
Our investigations began with the arylation reaction of triazole 2.40a with 4-iodoanisole in 
the presence of 5 mol % [Cu] and t-BuOLi in a 0.5 M DMF solution (Table 42). The reaction 
conversions were measured by integration of the benzylic protons of the starting triazole and 
the known 1,4,5-trisubstituted triazole 5.14a,295 which resonate at δ 5.59 and 5.40 ppm, 
respectively. In a first stage, the previously prepared copper complexes bearing phosphorous 
ligands (see section 2.3) were tested in order to determine the most promising series of 
ligands. All reactions were performed without any particular precaution to exclude air or 
moisture. 
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Table 42 Catalyst screening – copper(I) complexes bearing phosphorous ligandsa 
 
Entry [Cu] Conversion/%b 
1 [CuCl(PPh3)] 2.12   0 
2 [CuBr(PPh3)] 2.13   0 
3 [CuI(PPh3)] 2.14   0 
4 {CuBr[PPh2(OPh)]} 2.23 43 
5 {CuBr[PPh2(OPh-2-OMe)]}2.24 44 
6 {CuBr[PPh2(OPh-4-OMe)]}2.25 73 
7 {CuBr[PPh2(OMe)]}2.27 42 
8 {CuCl[PPh(OPh)2]} 2.28   0 
9 {CuBr[PPh(OPh)2]} 2.29 64 
10 {CuBr[PPh(OPh-2-OMe)2]} 2.30 51 
11 {CuBr[PPh(OMe)2]} 2.31 55 
12 {CuBr[P(OPh3)]} 2.32   0 
13 {CuI[P(OPh3)]2} 2.34 43 
14 [CuCl(PPh3)3] 2.16 21 
15 [CuBr(PPh3)3] 2.17 70 
16 [CuI(PPh3)3] 2.18 86 
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol t-BuOLi, 5 mol % [Cu], 1 mL 
DMF, 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
Monophosphine complexes 2.12-2.14 were inactive in this coupling reaction and after 18 h 
stirring at 140 °C, only the starting materials were recovered (Table 42, entries 1-3). 
Phosphinite and phosphonite complexes 2.23-2.25 and 2.27-2.31 showed reasonable activity 
(Table 42, entries 4-11) with {CuBr[PPh2(OPh-4-OMe)]} 2.25 leading to 73% conversion 
overnight (Table 42, entry 6). Monophosphite complex {CuBr[P(OPh3)]} 2.32 was inactive 
(Table 42, entry 12), whereas bisphosphite complex {CuI[P(OPh3)]2 2.34 gave 43% 
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conversion into 5.14a (Table 42, entry 13). Among the 1:1 metal/ligand ratio complexes, 
{CuBr[PPh2(OPh-4-OMe)]} 2.25 was the most active. Overall, trisphosphine complexes 
were the best performing catalysts, and a general trend in reactivity could be observed in the 
order I>Br>Cl (Table 42, entries 14-16), with [CuI(PPh3)3] 2.18 leading to 86% conversion 
after 18 h stirring (Table 42, entry 16). It is important to note that the reaction without a 
copper(I) source led to 0% conversion in the same reaction time, whereas only 25% 
conversion was obtained with 5 mol % CuI.  
Table 43 Catalyst screening – [Cu(NHC)] complexesa 
 
Entry [Cu] Conv/%b  Entry [Cu] Conv/%b 
1 [CuCl(IAd)] 4.18 5  9 [CuBr(IPr)] 4.27 21 
2 [CuBr(IAd)] 4.19 7  10 [CuI(IPr)] 4.28 0 
3 [CuI(IAd)] 4.20 6  11 [Cu(IPr)2]PF6 4.29 0 
4 [CuI(SIPr)] 4.22 0  12 [Cu(SIMes)2]PF6 4.30 6 
5 [CuCl(IMes)] 4.23 53  13 [Cu(SIMes)2]BF4 4.31 10 
6 [CuBr(IMes)] 4.24 72  14 [Cu(IMes)2]PF6 4.32 10 
7 [CuCl(SIMes)] 4.25 0  15 [Cu(IAd)2]PF6 4.33 7 
8 [CuCl(IPr)] 4.26 19     
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol t-BuOLi, mol % [Cu], 1 mL DMF, 
140 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
Since only incomplete conversions were observed when phosphorous ligands were used, 
copper(I)‒NHC complexes 4.18-4.20 and 4.22-4.33 were next tested in the same arylation 
reaction (Table 43). Neutral [CuX(NHC)] complexes (Table 43, entries 1–10), gave poor 
conversions in general, except for [CuX(IMes)] complexes, which led to moderate 
conversions into 5.14a (Table 43, entries 5 and 6). For comparative purposes, cationic NHC 
complexes 4.29-4.33 were also tested (Table 43, entries 11–15), but these only led to 
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disappointing conversions. In light of these results, [CuI(PPh3)3] 2.18 (Table 42, entry 16) 
was selected for further optimisation studies.  
Next, the temperature of the reaction was examined (Table 44), but as the temperature was 
lowered, the conversion steadily decreased, and at 60 °C, no reaction was observed. Hence, 
140 °C was chosen for further optimisation studies (Table 44, entry 1). 
Table 44 Optimisation of the temperaturea 
 
Entry T/°C Conversion/%b 
1 140 86 
2 120 62 
3 100 22 
4   60   0 
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol t-BuOLi, [CuI(PPh3)3] 2.18 (5 mol 
%), DMF (1 mL), 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
Different solvents were then tested using [CuI(PPh3)3] 2.18 as catalyst, but due to the high 
temperature requirements of the reaction, only high boiling solvents could be used (Table 
45). DMSO, p-xylene, diglyme and DMAc (DMAc = dimethylacetamide) only afforded 
average conversions into fully substituted triazole 5.14a (Table 45, entries 2-5), so DMF was 
kept as solvent for further studies (Table 45, entry 1). 
A range of bases were next tested (Table 46) but only t-BuOLi gave a good conversion into 
5.14a (Table 46, entry 1). Other t-BuOM bases (M = Na, K) led to very low conversions 
under otherwise identical reaction conditions (Table 46, entries 2 and 3). Li2CO3, K3PO4, 
KOH or NaH only led to the recovery of the starting materials (Table 46, entries 4-7). 
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Table 45 Solvent screeninga 
 
Entry Solvent Conversion/%b 
1 DMF 86 
2 DMSO 25 
3 p-Xylene 27 
4 Diglyme 40 
5 DMAc 47 
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol t-BuOLi, 5 mol % [CuI(PPh3)3] 
2.18, solvent (1 mL), 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent 
experiments. 
Table 46 Base screeninga 
 
Entry Base Conversion/%b 
1 t-BuOLi 86 
2 t-BuONa 8 
3 t-BuOK 15 
4 Li2CO3 0 
5 K3PO4 0 
6 KOH 0 
7 NaH 0 
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol base, 5 mol % [CuI(PPh3)3] 2.17, 1 
mL DMF, 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
Next, the importance of the base loadings was examined. A reduction from 2.5 to 2.0 
equivalents (Table 47, entries 2 and 3) led to a substantial decrease in conversion into 5.14a. 
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A further decrease in the amount of base led to very disappointing results (Table 47, entry 4). 
Similarly, increasing the amount of base from 2.5 equivalents also led to lower conversions 
into 5.14a, possibly due to inefficient mixing of the reaction mixture (Table 47, entry 1). 
Table 47 Optimisation of the loading of basea 
 
Entry Base (X equiv) Conversion/%b 
1 3.0 60 
2 2.5 86 
3 2.0 30 
4 1.5 14 
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, X mmol t-BuOLi, 5 mol % [CuI(PPh3)3] 2.18, 
1 mL DMF, 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
A range of additives were next tested in an attempt to improve the reaction conversion (Table 
48). Firstly, 5 mol % PPh3 was tested with [CuI(PPh3)3] 2.18 (Table 48, entry 2) since Miura 
previously demonstrated its efficacy as a ligand for arylation reaction of heterocycles.308,318 
however in our case, it actually gave a lower conversion when compared to the reaction 
without any additive (Table 48, entry 1).278 Amino acids have been shown to be efficient 
additives for copper-catalysed coupling reactions,319 hence L-proline was also tested in this 
reaction but led to a reduced conversion (Table 48, entry 3). 1,10-Phenanthroline, previously 
used as a ligand in the copper-catalysed direct arylation of 1,3,4-oxadiazoles and 1,2,4-
triazoles,309 only led to 58% conversion into 5.14a (Table 48, entry 4). 
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Table 48 Screening additivesa 
 
Entry Additive Conversion/%b 
1 None 86 
2 PPh3 64 
3 L-Proline 61 
4 1,10-phenanthroline 58  
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol t-BuOLi, 5 mol % additive, 5 mol 
% [CuI(PPh3)3] 2.18, 1 mL DMF, 140 °C, 18 h. 
b 1H NMR conversions are the average of at least two 
independent experiments. 
The copper loading was next optimised (Table 49). Lowering the [Cu] from the originally 
used loading (5 mol %, Table 49, entry 3) led to a systematic reduction of the conversion into 
5.14a. Since similar conversions were observed when the amount of copper was increased to 
6 or 7 mol % (Table 49, entries 1 and 2), 5 mol % [Cu] was used in the next step of this 
study.  
Finally, the effect of dilution on the arylation reaction was studied in order to establish the 
optimal reaction concentration (Table 50). Initially, a 0.5 M solution was used for this study 
(Table 50, entry 4), but increasing the concentration to 1.0 M led to a small increase in 
reaction conversion (Table 50, entry 5). A more concentrated reaction yielded a lower 
conversion (Table 50, entry 1 and 2), probably due to inefficient mixing of the viscous 
reaction mixture. On the other hand, increasing the dilution from 0.5 M also led to decreased 
conversions into 5.14a (Table 50, entries 5-7), therefore a 1.0 M solution was used to explore 
the scope of the reaction. Overall, the initial screening conditions (see Table 42), originally 
adapted from a previously reported procedure,314 were used to study the reaction scope. 
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Table 49 Optimisation of the catalytic loading using [CuI(PPh3)3] 2.18 
 
Entry [Cu] (X mol %) Conversion/%b 
1 7 81 
2 6 80 
3 5 86 
4 4 72 
5 3 56 
6 2 46 
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol t-BuOLi,  X mol % [CuI(PPh3)3] 
2.18, 1 mL DMF, 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
Table 50 Dilution study for the [CuI(PPh3)3]-catalysed arylation reaction 
 
Entry Concentration/M Conversion/%b 
1 2.0 68 
3 1.0 90 
4 0.5 86 
5   0.25 61 
6 0.1 21 
a Reaction conditions: 0.5 mmol 2.40a, 0.75 mmol 4-iodoanisole, 1.25 mmol t-BuOLi, 5 mol % [CuI(PPh3)3] 
2.18, DMF, 140 °C, 18 h. b 1H NMR conversions are the average of at least two independent experiments. 
186 
 
With an optimised system for the arylation of 5H-triazoles with aryl iodides in hand, the 
arylation of 2.40a using 4-bromoanisole was attempted, but no product was observed by 1H 
NMR analysis. This is unsurprising since the C–Br bond strength is significantly stronger 
than the C–I bond strength. Furthermore, a halogen exchange reaction was attempted by 
adding KI or NBu4I to the reactions containing 4-bromoanisole, but still, only starting 
materials were recovered from the reaction mixture (Scheme 121). Phenyl triflate was also 
looked as an alternative to aryl iodides, but unfortunately, under our reaction conditions, no 
1,4,5-trisubstituted triazole was observed by 1H NMR analysis. These results suggest that this 
protocol can be used for the arylation of iodide-substituted centres in the presence of other 
halides. 
 
Scheme 121 Attempted arylation with 4-bromoanisole 
The scope of the arylation reaction was further explored (Scheme 122) and pleasantly, a 
range of functional groups were tolerated, such as pyridines and nitriles, but amine groups led 
to low conversions. Halogen atoms were also tolerated (triazoles 5.14e and 5.14i) although a 
1H NMR spectrum of the crude reaction mixture of 5.14i showed some trace signals at δ 
6.10‒5.80 ppm. These peaks may be due to elimination of HCl from either 5.14i or the 
starting triazole to give an alkene moiety. The arylation reaction using 4-iodonitrobenzene or 
2-iodothiophene as the starting aryl iodide only led to the recovery of the starting materials 
(triazoles 5.14l and 5.14m).  
In most cases, the desired 1,4,5-trisubstituted triazole products had very similar Rf values to 
the starting triazole, affording difficult separations and therefore only moderate yields were 
obtained after column chromatography. 
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Scheme 122 Scope of the [CuI(PPh3)3]-catalysed arylation reaction. 
1H NMR conversions are the average of at 
least two independent experiments. Yields (in parentheses) are isolated yields and are the average of at least two 
independent experiments. 
TLC analysis of the crude mixture of triazole 5.14a (2:1 hexanes/ethyl acetate, Rf = 0.62) 
showed a spot at Rf = 0.15. A peak at m/z = 328.1465 (C21H18N3O) in the high resolution 
mass spectrum confirmed that this impurity corresponded to demethylated analogue of 5.14a, 
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5.14n (Figure 36). 5.14n had not previously observed in the 1H NMR spectrum of the crude 
residue, due to overlapping of the benzylic signals of both 5.14a and 5.14n at δ 5.40 ppm.  
 
Figure 36 Demethylated triazole 5.14n 
Finally, arylation reactions of aromatic heterocycles, other than 1,2,3-triazoles, were 
attempted. Unfortunately, when we applied our optimised conditions to the [CuI(PPh3)3]-
catalysed arylation of N-methylimidazole, benzothiazole or benzoxazole, only the starting 
materials were observed in the 1H NMR spectra of the crude reaction mixtures (Scheme 123). 
 
Scheme 123 Attempted arylations of heterocycles 
During this work, we showed that [CuI(PPh3)] 2.18 is a convenient catalyst for the CuAAC 
reaction (see section 2.7) and the direct arylation of 5-H triazoles. In consequence, we 
hypothesised that the synthesis 1,4,5-trisubstituted triazoles from organic azides and alkynes 
might be carried out in a one-pot, two-step process, using 2.18 as catalyst. Benzyl azide 2.36a 
and phenylacetylene were stirred in DMF at room temperature with 5 mol % [CuI(PPh3)3] 
2.18, and after 18 h of reaction, full conversion into 2.40a was confirmed by 1H NMR 
analysis of an aliquot. Subsequently, aryl iodide and t-BuOLi were added to the reaction 
mixture and then heated at 140 °C overnight. Surprisingly, no conversion into 5.14c or 5.14e 
could be observed, which might be due to catalyst deactivation (Scheme 124). 
189 
 
 
Scheme 124 Attempted one-pot synthesis of 5.14c and 5.14e 
5.4. Conclusions 
Two different functionalisation reactions of 5-iodotriazoles were attempted. C‒O bond 
forming reactions only led to the isolation of dehalogenated starting materials or incomplete 
conversions. No new products could be observed in the crude reaction mixtures of these 
reactions. The attempted synthesis of triazoles with fused rings by radical reactions only 
either led to dehalogenated starting materials or for triazole 4.6j, unreacted starting material. 
A range of copper(I) complexes bearing phosphorous ligands and copper(I)‒NHC complexes 
were tested in the arylation of 2.40a with 4-iodoanisole. Phosphinite complex 
{CuBr[PPh2(OPh-4-OMe)]} 2.24 showed good activity and represented only the second 
example of a well-defined copper(I)-phosphinite complex used in a catalytic study.184 
Overall, [CuI(PPh3)3] 2.18 was the best candidate and further optimisation of the reaction 
conditions showed that 5 mol % 2.18 in DMF at 140 °C were optimal. Although for most 
triazoles, the reaction conversions were high, the desired products were isolated in low to fair 
yields, due to difficulties in separation of the 1,4,5-trisubstituted triazole products from the 
starting materials. 
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The optimised conditions for the arylation of 1,2,3-triazoles were applied to the arylations of 
other heterocycles. Unfortunately, only starting materials were recovered, thus further 
optimisation is required if other heterocycles are to be considered.  
A one-pot, two-step synthesis of 1,4,5-trisubstituted triazoles was attempted, but only 5-H 
triazoles were observed in the crude reaction mixtures, suggesting that copper(I) complex 
[CuI(PPh3)3] 2.18 had decomposed. In the second step of the reaction, more [CuI(PPh3)3] 
2.18 could be added before the arylation reaction to test this hypothesis. 
Further work in this area could also include the use of a microwave reactor in an attempt to 
achieve total conversions and hence simpler isolation of 1,4,5-trisubstituted triazole products. 
Initial experiments showed that the model reaction may be accelerated under microwave 
irradiation, but further reaction optimisation must be conducted to observe whether there is 
any enhanced reactivity or “microwave effect”.  
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6. Summary 
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A library of novel phosphorous ligands and copper(I) complexes was prepared. These well-
defined copper(I) complexes were first tested in the cycloaddition reaction of azides and 
terminal alkynes. The reactivity of complexes with a 1:1 metal ligand ratio was explored, and 
optimisation of the reaction conditions showed that {CuBr[PPh2(OPh-2-OMe)]} 2.24 was a 
novel and efficient catalyst for this transformation (Scheme 125).184 Among all the prepared 
copper complexes, [CuBr(PPh3)3] 2.17 displayed the best catalytic activity and could be used 
at copper loadings as low as 100 ppm. 0.5 mol % of 2.17 was sufficient to catalyse the 
formation of a wide range of triazoles in short reaction times.178 In addition, the reaction of in 
situ-generated azides (from organic bromides or iodides) with alkynes was also explored, and 
it was found that the reaction with just 0.5 mol % [CuBr(PPh3)3] 2.17 on water furnished the 
triazole products in good yields. 
Scheme 125 Catalytic systems for the CuAAC reaction 
All reactions were performed without any particular precaution to exclude air or moisture, 
and the 1,4-disubstituted triazole products were isolated by non-chromatographic methods 
(by either filtration or extraction of the reaction mixture).  Hence, these two novel catalytic 
systems that adhere to the strict Click criteria21 have been developed. It is important to note 
that many of the applications of the CuAAC reaction do not follow these stringent rules. The 
use of ligands and more precisely pre-formed complexes should be helpful to better 
understand the reaction mechanism and rate-limiting step. Such knowledge is essential for the 
development of a higher number of Click applications of this cycloaddition reaction, which 
would translate into substantial economical and environmental benefits. 
The related RuAAC reaction, which generally gives 1,5-disubstituted triazoles, was studied 
using water-soluble ruthenium catalysts. Although poor conversions and regioselectivity were 
observed in the cycloaddition reactions of 3.17 and propargyl alcohol, it should be noted that 
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both [Cp*RuCl(PTA)2] 3.13 and [RuCl2(η
6-p-cymene)(PTA)] 3.15 showed catalytic activity 
in D2O/MeCN at 80 °C (Scheme 126). In both cases, the thermodynamic 1,4-disubstituted 
triazole product 3.19 was obtained as the major product. Further studies could include the use 
of other water-soluble ligands or changing the halide from chloride to other anions such as 
bromide, iodide or acetate. 
 
Scheme 126 RuAAC reaction of 3.17 and propargyl alcohol 
Remarkably, [Ru(η6-p-cymene)Cl2(PTA)] 3.15 also catalysed the reaction of benzyl azide 
2.36a and phenylacetylene with excellent regioselectivity towards the corresponding 1,4-
disubstituted-1,2,3-triazole 2.40a (>95% in H2O/MeCN, H2O/DMF or H2O at 80 °C), under 
Click conditions. Although the regioselectivity is still lower than that of the related CuAAC 
reaction, these results clearly show that the ligand bound to ruthenium can dictate whether the 
corresponding 1,4- or 1,5-regioisomer is formed preferentially. Further work would include 
screening a range of η6-areneruthenium(II) complexes in this cycloaddition reaction. 
The cycloaddition reactions of azides and internal alkynes were next explored. Firstly, a 
range of metals were tested in the reaction of benzyl azide 2.36a with either 3-hexyne or 4-
octyne, but unfortunately, poor conversions into the corresponding 1,4,5-trisubstituted 
triazoles were generally observed. Interestingly, palladium(II) salts displayed a different 
reactivity towards azides and could lead to the selective formation of either nitriles or 
imines.259 
We then tested copper(I) complexes bearing phosphorous ligands in the cycloaddition 
reaction of organic azides and iodoalkynes. Pleasantly, cheap, convenient and stable 
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[CuI(PPh3)3] 2.18 displayed good activity in this cycloaddition reaction, although in some 
cases, 5-H triazoles were observed in the crude reaction mixtures of some crude products. 
(Scheme 127). Also, the activity of these [CuX(NHC)] complexes in this cycloaddition 
reaction was investigated, and optimisation of the reaction conditions showed that 
commercially available [CuCl(IPr)] 4.26 was the most efficient catalyst. Gratifyingly, no 
dehalogenation or byproducts were observed, although [CuCl(IPr)] was less active than 
[CuI(PPh3)3] 2.18. 
Scheme 127 Preparation of 5-iodo-1,2,3-triazoles 
All reactions were performed under Click conditions, and the 5-iodotriazole products were 
isolated by filtration of the reaction mixture. To the best of our knowledge, the 
[CuI(PPh3)3]/2,6-lutidine system employs the lowest copper loading reported for this 
transformation. Moreover, [CuCl(IPr)] 4.26 is the first example of a catalyst that can mediate 
the azide-iodoalkyne cycloaddition reaction without any external additive. This cycloaddition 
is far more challenging than the related azide-terminal alkyne cycloaddition reaction, hence 
fewer catalytic systems are available, despite the interest of the halogenated heterocyclic 
products. 
A number of different pathways for this cycloaddition reaction were studied computationally. 
DFT calculations showed the previously proposed226 6-membered transition state 4.37 had an 
energy of 23 Kcal/mol (Figure 37). Remarkably, direct π-coordination of the iodoalkyne led 
to transition state 4.40 that is only 19 Kcal/mol above the starting materials, suggesting that 
this might be the most likely mechanistic path.  
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Figure 37 Transition states for the azide-iodoalkyne cycloaddition reaction 
With a library of 5-iodotriazoles in hand, we attempted two different functionalisation 
reactions. Firstly, copper-catalysed C‒O bond formation reactions were investigated, but 
unfortunately, only incomplete conversions into dehalogenated triazoles were observed. This 
is probably due to the harsh reaction conditions employed. Further optimisation and more 
active catalysts are still required for this transformation. Subsequently, we examined the 
possibility of forming fused triazoles via radical cyclisation reactions, but regrettably, either 
reduced iodotriazoles or starting materials were obtained from the crude reaction mixtures. 
Eventually, the direct functionalisation of 5-H triazoles proved to be more straightforward 
than the functionalisation reactions of 5-iodotriazoles. Hence, copper-catalysed arylation 
reactions of 5-H triazoles were successfully carried out with [CuI(PPh3)3] 2.18 as the catalyst 
of choice (Scheme 128).  
 
Scheme 128 Direct arylation of 5-H triazoles 
In most cases, good to excellent conversions were observed but we encountered difficulties in 
separating the starting 5-H triazole from the 1,4,5-trisubstituted triazole product by column 
chromatography. This resulted in poor isolated yields in some cases. Our catalyst was active 
under harsh reaction conditions, and future work will be focused on achieving total 
conversions, which would facilitate the isolation of fully-substituted triazoles in high yields.  
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7. Experimental Section 
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7.1. General remarks 
All reagents were purchased from commercial sources and used without any further 
purification. Solvents were dried by passing through columns of molecular sieves in a solvent 
purification system. All manipulations involving air-sensitive reagents were performed using 
standard Schlenk techniques and oven-dried glassware. Column chromatography and TLC 
were performed on silica gel (Kieselgel 60), using UV light and phosphomolybdic acid or 
KMnO4 dip to visualise the products. 
1H NMR (400 MHz), 13C NMR (100 MHz or 125MHz), 19F (376 MHz) and 31P NMR (162 
MHz) spectra were recorded in CDCl3, (CD3)2SO, CD3CN or D2O on Bruker AVANCE400 
or AVANCE500 spectrometers at room temperature. 1H and 31P NMR shifts, δ (ppm), were 
referenced to tetramethylsilane and orthophosphoric acid (set at 0.00 ppm), respectively. 13C 
NMR shifts were referenced to the central peak in the CDCl3 triplet, the (CD3)2SO septet or 
the CD3CN septet, set at 77.00, 39.50 and 1.32 ppm respectively. 
19F NMR shifts were 
referenced to the monofluorobenzene singlet, set at -113.15 ppm. Multiplicity is abbreviated 
to s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad). Assigments of 
some 1H and 13C NMR signals rely on COSY, HSQC and/or HMBC experiments. 
Infrared spectra were recorded using a Perkin Elmer 100 series FT-IR spectrometer, equipped 
with a beam-condensing accessory (samples were sandwiched between diamond compressor 
cells). Melting points (uncorrected) were determined on an Electrothermal Gallenhamp 
apparatus. Single crystal X-ray diffraction was performed using an Oxford Diffraction 
Xcalibur PX Ultra, 1.54248 Å diffractometer. Mass spectra were recorded on a Micromass 
Autospec Premier, Micromass LCT Premier or a VG Platform II spectrometer using EI, CI or 
ESI techniques. Elemental analyses were carried out by the Science Technical Support Unit 
at London Metropolitan University. 
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7.2. Preparation of phosphorous ligands 
Phenyl diphenylphosphinite (2.1)137  
 
To a stirred solution of phenol (1.88 g, 20.0 mmol) and DMAP (489 mg, 4.00 mmol) in dry 
THF (50 mL), triethylamine (3.33 mL, 24.0 mmol) was added followed by 
chlorodiphenylphosphine (4.04 mL, 22.0 mmol). A white precipitate started to form 
immediately after the addition of the phosphine. The reaction mixture was allowed to stir at 
room temperature for 4 h before the solvent was removed under reduced pressure. The 
resulting white residue was diluted with hexane/ethyl acetate (200 mL, 9:1 v/v) and filtered 
through alumina and Celite. The filtrate was concentrated under reduced pressure to give the 
title compound as a colourless oil (5.10 g, 18.3 mmol, 92%) 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.137 
νmax (neat/cm
-1) 1593, 1490, 1479, 1434, 1211, 1163, 863, 740, 687; δH (400 MHz, CDCl3): 
7.64‒7.52 (m, 4H, HAr), 7.41‒7.30 (m, 6H, HAr), 7.29‒7.19 (m, 2H, HAr), 7.15‒7.08 (m, 2H, 
HAr), 7.03‒6.05 (m, 1H, HAr); δC (100 MHz, CDCl3): 157.4 (d, J = 10.2 Hz, C
Ar), 141.0 (d, J 
= 17.5 Hz, CAr), 130.6 (d, J = 22.0 Hz, CHAr), 129.7 (d, J = 21.5 Hz, CHAr), 129.5 (CHAr), 
128.5 (d, J = 6.9 Hz, CHAr), 122.6 (CHAr), 118.9 (d, J = 11.1 Hz, CHAr); δP (162 MHz, 
CDCl3): 110.4 (s,); m/z (EI): 278 ([M
+], 100).   
Diphenyl phenylphosphonite (2.2)137  
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Following the procedure described for the preparation of 2.1, from phenol (3.76 g, 40.0 
mmol), DMAP (489 mg, 4.00 mmol), triethylamine (6.13 mL, 44.0 mmol) and 
dichlorophenylphosphine (2.71 mL, 20.0 mmol), the title compound was isolated as a 
colourless oil (5.45 g, 18.5 mmol, 93%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.137 
νmax (neat/cm
-1) 1589, 1484, 1217, 1190, 1162, 1105, 1070, 1024, 855, 760, 747, 720, 687; δH 
(400 MHz, CDCl3): 7.86‒7.74 (m, 2H, H
Ar), 7.51‒7.42 (broad s, 3H, HAr), 7.32‒7.18 (m, 4H, 
HAr), 7.14‒7.00 (m, 6H, HAr); δC (100MHz, CDCl3): 155.3 (d, J = 4.8 Hz, C
Ar), 140.1 (d, J = 
15.1 Hz, CAr), 131.1 (CHAr), 129.9 (CHAr), 129.7 (CHAr), 128.5 (d, J = 6.5 Hz, CHAr), 127.7 
(CHAr), 120.1 (d, J = 7.8 Hz, CHAr); δP (162 MHz, CDCl3): 157.9 (s, 1P); m/z (ESI): 294 
([M+], 100).  
2-Methoxyphenyl diphenylphosphinite (2.3)137  
 
Following the procedure described for the preparation of 2.1, from 2-methoxyphenol (1.10 
mL, 10 mmol), DMAP (245 mg, 2 mmol), triethylamine (1.67 mL, 12 mmol) and 
chlorodiphenylphosphine (2.02 mL, 11 mmol) and stirring overnight, the title compound was 
isolated as a colourless oil (5.45 g, 18.5 mmol, 93%). 
Spectroscopic data for the title compound were consistent with the previously reported 
one.137 
max (neat, cm
-1): 3057, 2958, 2835, 1499, 1254, 867, 694; H (400 MHz, CDCl3): 7.81‒7.70 
(m, 4H, HAr), 7.50‒7.45 (m, 6H, HAr), 7.18 (d, 1H, J = 7.5 Hz, HAr), 7.13‒7.09 (m, 1H, HAr), 
7.02‒7.00 (m, 1H, HAr), 6.93 (d, 1H, J = 7.4 Hz, HAr), 3.74 (s, 3H, CH3); C (100 MHz, 
CDCl3): 151.0 (d, J = 2.7 Hz, C
Ar), 146.7 (d, J = 8.8 Hz, CAr), 141.5 (d, J = 18.2 Hz, CAr), 
130.5 (d, J = 22.1 Hz, CHAr), 129.4 (CHAr), 128.2 (d, J = 6.8 Hz, CHAr), 123.4 (CHAr), 120.7 
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(CHAr), 120.2 (d, J = 11.4 Hz, CHAr), 112.5 (CHAr), 55.7 (d, J = 13.6 Hz, CH3); P (162 MHz, 
CDCl3): 117.4 (s, 1P); LRMS (m/z) (ESI): 307 ([M
+], 88).  
Bis(2-methoxyphenyl) phenylphosphonite (2.4) 
 
Following the procedure described for the preparation of 2.1, from 2-methoxyphenol (2.20 
mL, 20 mmol), DMAP (245 mg, 2 mmol), triethylamine (3.33 mL, 24 mmol) and 
dichlorophenylphosphine (1.5 mL, 11 mmol) and stirring overnight, the title compound was 
isolated as a colourless oil (2.13 g, 6.0 mmol, 60%). 
max (neat, cm
-1): 3049, 3003, 2837, 1596, 1498, 752; H (400 MHz, CDCl3): 8.00–7.89 (m, 
2H, HAr), 7.52–7.41 (m, 3H, HAr), 7.21–7.13 (m, 2H, HAr), 7.05 (d, 2H, J = 7.4 Hz, HAr), 6.90 
(d, 2H, J = 7.5 Hz, HAr), 6.87–6.82 (m, 2H, HAr), 3.75 (s, 6H, CH3); C (100 MHz, CDCl3): 
151.0 (d, J = 2.6 Hz, CAr), 144.9 (d, J = 5.5 Hz, CAr), 130.4 (CAr), 129.9 (d, J = 22.1 Hz, 
CHAr), 128.1 (d, J = 5.7 Hz, CHAr), 124.2 (CHAr), 121.7 (d, J = 7.7 Hz, CHAr), 120.8 (CHAr), 
112.4 (CHAr), 55.8 (CH3); 
31P NMR (162 MHz, CDCl3):  167.7 (s); HRMS (ESI) calculated 
for C20H19NaO4P  377.0919, found 377.0920 [(M+Na)
+]. 
4-Methoxyphenyl diphenylphosphinite (2.5) 
 
Following the procedure described for the preparation of 2.1, from 4-methoxyphenol (1.24 g, 
10 mmol), DMAP (245 mg, 2 mmol), triethylamine (1.67 mL, 12 mmol) and 
chlorodiphenylphosphine (2.02 mL, 11 mmol) and stirring overnight, the title compound was 
isolated as a colourless oil (3.04 g, 9.8 mmol, 98%). 
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νmax (neat/cm
-1) 2060, 1745, 1586, 1437, 1285, 1166, 1120, 943, 740, 690; H (400 MHz, 
CDCl3): 7.63–7.54 (m, 4H, H
Ar), 7.42–7.32 (m, 6H, HAr), 7.05–6.99 (m, 2H, HAr), 6.82–6.74 
(m, 2H, HAr), 3.73 (s, 3H, CH3); C (100 MHz, CDCl3): 155.0 (C
Ar), 151.1 (d, J = 9.8 Hz, 
CAr), 141.1 (d, J = 17.9 Hz, CAr), 130.4 (d, J = 22.3 Hz, CHAr), 129.6 (CHAr), 128.4 (d, J = 
6.9 Hz, CHAr), 119.7 (d, J = 9.8 Hz, CHAr), 114.5 (CHAr), 55.4 (CH3); 
31P NMR (162 MHz, 
CDCl3): 112.9 (s); HRMS (ESI) calculated for C19H18O2P 309.1040, found 309.1044 
[(M+H)+]. 
2-(Methylthio)phenyl diphenylphosphinite (2.6) 
 
Following the procedure described for the preparation of 2.1, from 2-(methylthio)phenol 
(0.24 mL, 2 mmol), DMAP (48 mg, 0.4 mmol), triethylamine (0.33 mL, 2.4 mmol) and 
chlorodiphenylphosphine (0.40 mL, 2.2 mmol) and stirring overnight, the title compound was 
isolated as a colourless oil (0.19 g, 1.2 mmol, 60%). 
νmax (neat/cm
-1) 3059, 1741, 1589, 1437, 1283, 1155, 1104, 943, 741, 691; H (400 MHz, 
CDCl3): 7.71–7.63 (m, 4H, H
Ar), 7.40–7.29 (m, 6H, HAr), 7.14–7.09 (d, 1H, J = 7.5 Hz, HAr), 
7.05 (d, 1H, J = 7.3 Hz, HAr), 7.01–6.96 (m, 2H, HAr), 2.36 (s, 3H, CH3); C (100 MHz, 
CDCl3): 153.7 (d, J = 9.3 Hz C
Ar), 140.9 (d, J = 17.7 Hz, CAr), 130.4 (d, J = 22.6 Hz, CHAr), 
129.9 (CAr), 129.7 (CHAr), 128.4 (d, J = 7.2 Hz, CHAr), 125.7, 125.4, 123.0, 117.0 (d, J = 
17.5 Hz, CHAr), 14.3 (CH3); 
31P NMR (162 MHz, CDCl3): 111.8 (s); HRMS (ESI) calculated 
for C19H18OPS 325.0816, found 309.0804 [(M+H)
+]. 
7.3. Preparation of copper(I) complexes 
[CuCl(PPh3)] (2.13)
143  
 
To a stirred solution of triphenylphosphine (0.787 g, 3 mmol) in boiling ethanol (20 mL), 
copper(II) chloride (0.269 g, 2 mmol) was added. A precipitate formed almost immediately 
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and the mixture was heated under reflux for 1 h. The precipitate was recovered by filtration at 
room temperature and washed with ethanol and diethyl ether then dried under vacuum, to 
give the title complex as an off-white solid (0.606 g, 1.68 mmol, 84%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.143 
mp 223‒225 °C; νmax (neat/cm
-1) 2969, 1747, 1485, 1433, 1378, 1224, 1094, 742, 691; δH 
(400 MHz, CDCl3): 7.36‒7.26 (m, 9H), 7.25‒7.16 (m, 6H); δC (125 MHz, CDCl3): 134.0 (d, 
J = 13.6 Hz, CAr), 132.2 (d, J = 22.2 Hz, CHAr), 129.9 (CHAr), 128.6 (d, J = 7.0 Hz, CHAr); δP 
(162 MHz, CDCl3): -3.02 (s,); m/z (ESI) 366 [(M+MeCN‒Cl)
+]. 
[CuBr(PPh3)] (2.14)
143 
 
Following the procedure described for the preparation of 2.12, from triphenylphosphine 
(0.787 g, 3 mmol) and copper(II) bromide (0.447 g, 2 mmol), the title complex was isolated 
as a white solid (0.714 g, 2.64 mmol, 88 %). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.143 
242‒243 °C; νmax (neat/cm
-1) 2970, 1738, 1439, 1365, 1217, 697; δH (400 MHz, CDCl3): 
7.37‒7.28 (m, 9H), 7.27‒7.20 (m, 6H); δC (125MHz, CDCl3:) 133.9 (d, J = 15.6 Hz, C
Ar), 
133.7 (d, J = 19.5 Hz, CAr), 129.5 (CHAr), 128.5 (d, J = 8.7 Hz, CHAr); δP (162 MHz, 
CDCl3): -7.0 (s, 1P); m/z (ESI) 366 [(M+MeCN‒Br)
+] 
[CuI(PPh3)] (2.15)
144  
 
A solution of triphenylphosphine (0.262 g, 1 mmol) in dry acetonitrile (4 mL) was added to a 
suspension of copper(I) iodide (0.190 g, 1 mmol) in dry acetonitrile (20 mL) under nitrogen 
atmosphere. A white precipitate formed almost immediately. The mixture was stirred for 1 h, 
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after which the precipitate was filtered and washed with acetonitrile then dried under vacuum 
to give the title complex as a white solid (0.43 g, 0.95 mmol, 95%). 
mp 264‒265 °C νmax (neat/cm
-1) 2965, 1737, 1429, 1368, 1217, 748, 671, 598; δH (400 MHz, 
CDCl3): 7.54 (t, 6H, J = 7.3 Hz, H
Ar), 7.38 (t, 3H, J = 7.3 Hz, HAr), 7.30 (t, 6H, J = 7.4 Hz, 
HAr); m/z (ESI) 366 [(M+MeCN‒I)+]. 
This complex was only sparingly soluble in a number of suitable deuterated solvents and thus 
13C and 31P NMR data could not be recorded. 
[CuCl(PPh3)3] (2.16)
145  
 
CuCl2 (0.269 g, 2 mmol) was added in three portions to a solution of triphenylphosphine 
(2.23 g, 8.5 mmol) in boiling methanol (40 mL). A white precipitate formed almost 
immediately. The reaction mixture was stirred for 15 minutes before allowing to cool to room 
temperature. The precipitate was filtered and washed with ethanol and diethyl ether. The 
white solid was dried under vacuum to give the title complex as a white powder (1.41 g, 1.59 
mmol, 80%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.320 
mp 170‒172 °C; νmax (neat/cm
-1) 3062, 1594, 1488, 1442, 1216, 1101, 1002, 887, 743, 693, 
562; δH (400 MHz, CDCl3): 7.37‒7.26 (m, 27H), 7.25‒7.17 (m, 18H); δC (125 MHz, CDCl3): 
133.9 (d, J = 15.0 Hz, CAr), 133.85 (d, J = 20.1 Hz, CHAr), 129.3 (d, J = 1.1 Hz, CHAr), 128.3 
(d, J = 8.7 Hz, CHAr); δP (162 MHz, CDCl3): -5.0 (s); m/z (EI) 587 [(M+H‒Cl‒PPh3)
+]. 
[CuBr(PPh3)3] (2.17)
145  
 
Following the procedure described for the preparation of 2.15, from triphenylphosphine (6.0 
g, 22.4 mmol) and copper(II) bromide (1.24 g, 5.3 mmol), the title complex was isolated as a 
white solid (4.84 g, 5.20 mmol, 99%). 
204 
 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.145,320 
mp 161‒162 °C; νmax (neat/cm
-1) 3058, 1590, 1495, 1442, 1212, 1171, 1105, 883, 693, 574; 
δH (400 MHz, CDCl3): 7.37‒7.28 (m, 27H), 7.27‒7.20 (m, 18H); δC (125MHz, CDCl3): 133.9 
(d, J = 15.6 Hz, CAr), 133.7 (d, J = 19.5 Hz, CHAr), 129.5 (CHAr), 128.5 (d, J = 8.7 Hz, 
CHAr); δP (162 MHz, CDCl3): -4.2 (s); m/z (EI) 587 [(M+H‒Br‒PPh3)
+]. 
[CuI(PPh3)3] (2.18)
140  
 
Copper(I) iodide (0.190 g, 1 mmol) was added to a stirred solution of triphenylphosphine 
(0.787 g, 3 mmol) in DCM (15 mL). The cloudy reaction mixture turned clear after 20 
minutes of stirring and it was stirred for a further two hours after which n-pentane was added 
to form a white precipitate. The mixture was then allowed to stand in an ice bath for 10 
minutes, and then filtered and the white precipitate was washed with more n-pentane, then 
dried under vacuum to give the title complex as a white powder (0.86 g, 0.88 mmol, 88%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.320 
mp 153‒155 °C; νmax (neat/cm
-1) 3096, 1484, 1438, 1399, 1092, 1027, 743, 693; δH (400 
MHz, CDCl3): 7.42‒7.30 (m, 27H), 7.30‒7.21 (m, 18H); δC (125 MHz, CDCl3): 133.9 (d, J = 
15.5 Hz), 133.6 (d, J = 20.1 Hz), 129.6, 128.5 (d, J = 8.7 Hz); δP (162 MHz, CDCl3): -5.34 
(s, 3P); m/z (ESI) 587 [(M+H‒I‒PPh3)
+]. 
{CuBr[PPh2(OPh)]} (2.23) 
 
Copper(I) bromide (0.143 g, 1 mmol) was added to a solution of PPh2(OPh) 2.1 (0.278 g, 1 
mmol) in dry toluene (20 mL) under a nitrogen atmosphere. The reaction mixture was heated 
under reflux for 2 h and filtered hot. The filtrate was concentrated to give an off-white 
viscous oil. The addition of methanol to the oil gave a white solid which was filtered, washed 
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with more methanol and dried under vacuum to give the title complex as a white solid, which 
was recrystallised from a toluene/hexane mixture (0.23 g, 0.56 mmol, 56%).  
mp 98‒100 °C; νmax (neat/cm
-1) 3047, 1596, 1490, 1441, 1216, 1106, 885, 693; δH (400 MHz, 
CDCl3): 7.87‒7.72 (m, 4H), 7.45‒7.35 (m, 2H), 7.34‒7.26 (m, 4H), 7.14‒7.06 (m, 2H), 
7.03‒6.93 (m, 2H), 6.87‒6.78 (m, 1H); δC (100 MHz, CDCl3): 154.5 (C
Ar), 135.9 (d, J = 33.4 
Hz, CAr), 131.7 (d, J = 17.5 Hz, CHAr), 130.8 (CHAr), 129.3 (CHAr), 128.5 (d, J = 10.2 Hz, 
CHAr), 123.5 (CHAr), 120.3 (d, J = 7.8 Hz, CHAr); δP (162 MHz, CDCl3): 89.4 (s); Elemental 
analysis calculated (%) for C18H15BrCuOP (419.9440): C, 51.26; H, 3.58; found C, 51.21; H, 
3.67. 
{CuBr[PPh2(OPh-2-OMe)]} (2.24)  
 
Phosphinite 2.3 (0.308 g, 1 mmol) was added to CuBr (0.14 g, 1 mmol) in dry toluene (20 
mL) under nitrogen atmosphere. The reaction mixture was then refluxed for 18 h before 
being concentrated under reduced pressure. The resulting residue was recrystallised from 
toluene/hexane to give the title complex as an off-white solid (0.31 g, 0.67 mmol, 67%). 
mp 110‒112 °C; νmax (neat/cm
-1) 3053, 2957, 2835, 1499, 1255, 882, 691; δH (400 MHz, 
CDCl3): 7.89–7.73 (m, 4H, H
Ar), 7.46–7.33 (m, 6H, HAr), 7.04–6.97 (m, 1H, HAr), 6.97–6.88 
(m, 1H, HAr), 6.83–6.74 (m, 1H, HAr), 6.73–6.64 (m, 1H, HAr), 3.68 (s, 3H, CH3); δC (100 
MHz, CDCl3): 150.5 (C
Ar), 143.4 (CHAr), 136.6 (d, J = 33.0 Hz, CHAr), 130.8 (d, J = 17.8 Hz, 
CHAr ), 128.5 (d, J = 10.1 Hz, CHAr), 124.3 (CHAr), 120.2 CHAr), 112.7 (CHAr), 55.5 (CH3); 
δP (162 MHz, DMSO-d6) 95.2 (s, broad); HRMS (ESI) calculated for C21H20NO2PCu 
412.0528, found 412.0533 ([M-Br+MeCN]+); Elemental analysis calculated (%) for 
C19H17O2BrPCu (449.94): C, 50.51; H, 3.79; found C, 50.70; H, 3.83. 
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{CuBr[PPh2(OPh-4-OMe)]}) (2.25)  
 
A) From phosphinite 2.5 (0.62 g, 2 mmol) and following the procedure described for the 
preparation of 2.24, the title complex was isolated as an off-white solid (0.40 g, 0.9 mmol, 
45%).  
B) To a stirred solution of 4-methoxyphenol (1.24 g, 10 mmol) and DMAP (0.245 g, 2 mmol) 
in dry THF (25 mL) under a nitrogen atmosphere, Et3N (1.67 mL, 12 mmol) and ClPPh2 
(2.02 mL, 11 mmol) were sequentially added. A white precipitate was then formed and the 
resulting mixture was stirred for four hours at room temperature before evaporating the 
solvent under reduced pressure under. The obtained residue was then diluted with toluene (40 
mL), the precipitate was allowed to settle, and 20 mL of the resulting solution were added to 
CuBr (0.72 g, 15 mmol) under nitrogen. The reaction mixture was refluxed for 18 h, then 
concentrated under reduced pressure and washed with hot methanol. The obtained residue 
was recrystallised from toluene/hexane to give the title complex as an off-white solid (0.81 g, 
1.8 mmol, 36%).  
mp 112‒115 °C; νmax (neat/cm
-1) 3055, 2955, 2833, 1501, 1197, 690; δH (400 MHz, CDCl3): 
7.86–7.72 (m, 4H, HAr), 7.45–7.33 (m, 6H, HAr), 7.03–6.97 (m, 1H, HAr), 6.97–6.87 (m, 1H, 
HAr), 6.84–6.75 (m, 1H, HAr), 6.75–6.65 (m, 1H, HAr), 3.59 (s, 3H, CH3); δC (100 MHz, 
CDCl3): 131.7 (d, J = 17.3 Hz, C
Ar), 130.9 (CAr), 129.0 (CAr), 128.5 (d, J = 10.0 Hz, CHAr), 
128.2 (CHAr), 125.3 (CHAr), 121.2 (d, J = 6.3 Hz, CHAr), 114.4 (CHAr), 55.4 (CH3); δP (162 
MHz, DMSO-d6) δ 93.5 (s, broad); HRMS (ESI) calculated for C21H20NO2PCu 412.0528, 
found 412.0534 ([M-Br+MeCN]+); Elemental analysis calculated for C19H17O2PBrCu 
(449.94) C, 50.51; H, 3.79, found  C, 50.60; H, 3.65. 
{CuBr[PPh2(OMe)]} (2.27) 
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From methyl diphenylphosphinite (0.40 mL, 2 mmol) and following the procedure described 
for the preparation of 2.24, the title complex was isolated as an off-white solid (0.79 g, 1.8 
mmol, 90%). 
mp 95‒97 °C; νmax (neat/cm
-1) 3053, 2930, 2831, 1435, 1102, 1027, 691; δH (400 MHz, 
CDCl3): 7.86–7.66 (m, 4H, H
Ar), 7.43–7.28 (m, 6H, HAr), 3.75 (d, J = 14.6 Hz, 3H, OCH3); 
δH (100 MHz, CDCl3): 136.5 (d, J = 33.0 Hz, C
Ar), 131.3 (d, J = 92.6 Hz, CHAr), 130.5 
(CHAr), 128.4 (d, J = 9.9 Hz, CHAr), 56.4 (d, J = 6.9 Hz, CH3); δP (162 MHz, DMSO-d6):  
94.9 (s, broad); HRMS (ESI) calculated for C15H16NOPCu 320.0266, found 320.0265 ([M-
Br+MeCN]+); Elemental analysis calculated (%) for C13H13OPBrCu (357.9183) C, 43.41; H, 
3.64; found  C, 43.59; H, 3.79.  
{CuCl[PPh(OPh)2]} (2.28) 
 
From phosphonite 2.2 (0.294 g, 1 mmol) and CuCl (0.099 g, 1 mmol) and following the 
procedure described for the preparation of 2.24, the title complex was isolated as an off-white 
solid (0.40 g, 0.9 mmol, 45%).  
mp 118‒120 °C; νmax (neat/cm
-1) 3053, 2957, 2834, 1502, 1245, 882, 691; δH (400 MHz, 
CDCl3): 8.04‒7.87 (m, 2H), 7.56‒7.45 (m, 1H), 7.45‒7.33 (m, 2H), 7.22‒7.12 (m, 4H), 
7.11‒7.05 (m, 4H), 7.04‒6.97 (m, 2H); δC (100MHz, DMSO-d6) 152.6 (C
Ar), 132.2 (CAr), 
130.5 (d, J = 20.4 Hz, CHAr), 129.9 (CHAr), 129.7 (CHAr), 128.5 (d, J = 10.3 Hz, CHAr), 
124.5 (CHAr), 120.5 (d, J = 6.3 Hz, CHAr); δP (162 MHz, CDCl3): 127.2 (s, 1P); Elemental 
analysis calculated (%) for C18H15ClCuO2P (391.9894): C, 54.97; H, 3.84; found C, 55.06; H, 
3.76. 
{CuBr[PPh(OPh)2]}) (2.29) 
 
Copper(I) bromide (0.143 g, 1 mmol) was added to a solution of diphenyl phenylphosphonite 
2.2 (0.294 g, 1 mmol) in toluene (1 mL). The reaction mixture was then stirred for three days 
at room temperature and then concentrated under reduced pressure to give an off-white 
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precipitate, which was washed with methanol to give the title complex as an off-white solid 
(0.279 g, 0.64 mmol, 64%).  
mp 115‒117 °C; νmax (neat/cm
-1) 3053, 2943, 2834, 1492, 1246, 892, 694; δH (400 MHz, 
CDCl3): 7.97‒7.86 (m, 2H), 7.51‒7.42 (m, 1H), 7.39‒7.30 (m, 2H), 7.17‒7.02 (m, 8H), 
7.02‒6.94 (m, 2H); δC (100 MHz, d6-DMSO): 152.7 (d, J = 2.2 Hz, C
Ar), 135.6 (d, J = 39.9 
Hz, CAr), 132.3 (CHAr), 130.6 (d, J = 20.3 Hz, CHAr), 129.8 (CHAr), 128.6 (d, J = 10.4 Hz, 
CHAr), 124.6 (CHAr), 120.7 (d, J = 6.3 Hz, CHAr); δP (162 MHz, CDCl3): 122.8 (s); HRMS 
(ESI) 398.0241 [M + MeCN – Cl]+, C20H18CuNO2P requires 398.0371; Elemental analysis 
calculated (%) for C18H15O2BrPCu (435.93): C, 49.39; H 3.45; found C, 49.61; H, 3.29. 
{CuBr[PPh(OPh-2-OMe)2]} (2.30)  
 
From phosphonite 2.4 (1.00 g, 2 mmol) and following the procedure described for the 
preparation of 2.24, the title complex was isolated as an off-white solid (0.21 g, 0.86 mmol, 
43%).  
mp 123‒125 °C; νmax (neat/cm
-1) 3443, 2954, 2839, 1500, 1258, 1108, 744; δH (400 MHz, 
DMSO-d6): 7.85–7.70 (m, 2H, H
Ar), 7.43–7.31 (m, 3H, HAr), 7.03–6.95 (m, 2H, HAr), 6.94–
6.84 (m, 2H, HAr), 6.83–6.73 (m, 2H, HAr), 6.72–6.62 (m, 2H, HAr), 3.72 (s, 6H, CH3); 
13C 
NMR (100 MHz, DMSO-d6): 150.3 (C
Ar), 141.6 (CAr), 136.2 (CAr), 131.7 (CHAr), 130.2 (d, J 
= 20.0 Hz, CHAr), 127.8 (d, J = 8.9 Hz, CHAr), 125.1 (CHAr), 121.2 (d, J = 7.0 Hz, CHAr), 
120.2 (CHAr), 112.5 (CHAr), 55.3 (CH3); δP (162 MHz, DMSO-d6) 133.4 (s, broad); HRMS 
(ESI) calculated for C22H22NO4PCu 458.0582, found 458.0580 [(M-Br+MeCN)
+]; Elemental 
analysis calculated (%) for C20H19O4BrPCu (495.95): C, 48.26 H 3.85; found C, 48.35; H, 
3.97. 
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{CuBr[PPh(OMe)2]}[ (2.31):  
 
From dimethyl phenylphosphonite (0.32 mL, 2 mmol) and following the procedure described 
for the preparation of 2.24, the title complex was isolated as an off-white solid (0.49 g, 1.6 
mmol, 78%).  
mp 91‒93 °C; νmax (neat/cm
-1) 2963, 2936, 2836, 1435, 1259, 1005, 738; 1H NMR (400 MHz, 
CDCl3): δ 7.82–7.74 (m, 2H, H
Ar), 7.47–7.40 (m, 1H, HAr), 7.40–7.34 (m, 2H, HAr), 3.73 (d, J 
= 13.0 Hz, 6H, CH3); 
13C NMR (100 MHz, CDCl3): δ 135.8 (d, J = 42.1 Hz, C
Ar), 131.2 
(CHAr), 130.5 (d, J = 18.0 Hz, CHAr), 128.2 (d, J = 9.8 Hz, CHAr), 54.6 (CH3); 
31P NMR (162 
MHz, DMSO-d6): δ 135.3 (s, broad); HRMS (ESI) calculated for C10H14NO2PCu 274.0058, 
found 273.9976 ([M-Br+MeCN]+); Elemental analysis calculated for C8H11BrO2PCu 
(311.8976): C, 30.64; H, 3.54, found  C, 30.66; H, 3.53. 
{CuCl[P(OPh)3]} (2.32)  
 
Copper(I) chloride (0.099g, 1 mmol) was added to a solution of triphenyl phosphite (0.26 
mL, 1 mmol) in toluene (10 mL). The mixture was stirred overnight, and then filtered to 
remove unreacted CuCl. The filtrate was concentrated to give a colourless, viscous oil, which 
solidified on standing. The solid was washed and recrystallised from petroleum ether to give 
a white solid (0.24 g, 0.58 mmol, 58%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.151  
mp 88‒89 °C; νmax (neat/cm
-1) 1587, 1482, 1218, 1179, 1069, 889, 756, 616; δH (400 MHz, 
CDCl3): 7.28‒7.19 (m, 6H), 7.17‒7.05 (m, 9H); δC (100 MHz, CDCl3): 150.4 (C
Ar), 129.7 
(CHAr), 125.0 (CHAr), 121.3 (d, J = 5.3 Hz, CHAr); δP (162 MHz, CDCl3): 104.6 (s); m/z 
(ESI) 414 [(M+MeCN‒Cl)+]. 
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{CuBr[P(OPh)3]} (2.33)  
 
Following the procedure described for the preparation of 2.32, from copper(I) bromide 
(0.143g, 1 mmol) triphenyl phosphite (0.26 mL, 1 mmol) in toluene (1 mL), the title complex 
was isolated as a white solid after recrystallisation (0.43 g, 0.96 mmol, 96%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.151  
mp 90‒92 °C; νmax (neat/cm
-1) 1592, 1483, 1218, 1189, 1070, 909, 733, 618; δH (400 MHz, 
CDCl3): 7.25‒7.18 (m, 6H), 7.18‒7.11 (m, 6H), 7.10‒7.03 (t, 3H, J = 7.2 Hz); δC (100 MHz, 
CDCl3): 150.4 (C
Ar), 129.6 (CHAr), 124.9 (CHAr), 121.4 (d, J = 5.0 Hz, CHAr); δP (162 MHz, 
CDCl3): 96.7 (s); m/z (ESI) 414 [(M+MeCN‒Br)
+]. 
{CuI[P(OPh)3]2} (2.34)  
 
Following the procedure described for the preparation of 2.32, from copper iodide (0.190 g, 1 
mmol), triphenylphosphite (0.52 mL, 2 mmol) in toluene (1 mL), the title complex was 
isolated as a white solid after recrystallisation (0.77 g, 0.85 mmol, 95%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.151  
mp 111‒112 °C; νmax (neat/cm
-1) 1587, 1482, 1218, 1179, 1069, 889, 756, 616; δH (400 MHz, 
CDCl3): 7.25‒7.18 (m, 6H), 7.18‒7.11 (m, 6H), 7.10‒7.03 (t, 3H, J = 7.2 Hz); δC (100MHz, 
CDCl3): 150.0 (C
Ar), 129.6 (CHAr), 124.5 (CHAr), 121.4 (d, J = 5.1 Hz, CHAr); δP (162 MHz, 
CDCl3): 96.7 (s, 2P); m/z (ESI) 724 [(M+MeCN‒I)
+] (57), 683 [(M‒I)+] (63), 606 (32), 414 
(100). 
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Chloro-bis[bis(triphenylphosphito)-copper(I)] (2.35)  
 
Triphenylphosphite (0.55 mL, 2.1 mmol) was added to a solution of copper dichloride 
dihydrate (0.22g, 1.3 mmol) in water/ethanol (1:1, 10 mL) at 0 °C. Allowing the mixture to 
stand for 7 days allowed precipitation of a white solid, which was washed with water, ethanol 
then dried under vacuum to give the title compound as a white solid (1.03 g, 0.71 mmol, 
55%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.164  
mp 98‒99 °C; νmax (neat/cm
-1) 1592, 1483, 1218, 1189, 1070, 909, 733, 618; δH (400 MHz, 
CDCl3): 7.32‒7.24 (m, 12H), 7.18‒7.08 (m, 18H); δC (100MHz, CDCl3): 150.8 (C
Ar), 129.7 
(CHAr), 124.7 (CHAr), 121.0 (d, J = 6.0 Hz, CHAr); δP (162 MHz, CDCl3): 112.3 (s); m/z 
(ESI) 724 [(M+MeCN‒Cl)+] (59), 683 [(M‒Cl)+] (59), 606 (35), 414 (100). 
7.4. Preparation of azides 
Benzyl azide (2.36a)168 
 
Benzyl bromide (2.40 mL, 20.0 mmol) was added to a solution of sodium azide (1.69 g, 26 
mmol) in DMSO (50 mL) at room temperature. After stirring for 1 h, the reaction was 
quenched with water (50 mL) (exothermic) and then allowed to cool to room temperature. 
The mixture was then extracted with diethyl ether (3 x 50 mL), and the combined organic 
phases were washed with water (2 x 50 mL), brine (1 x 50 mL), dried over MgSO4, filtered 
and concentrated to give the title compound as a pale yellow oil (2.60 g, 19.6 mmol, 98%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.168 
νmax (neat)/cm
-1: 3041, 2090, 1496, 1454, 1349, 1252, 962, 735, 695, 569; δH (400 MHz, 
CDCl3): 7.43‒7.27 (m, 5H, H
Ar), 4.30 (s, 2H, CH2N3); δC (100 MHz, CDCl3): 135.4 (C
Ar), 
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128.9 (CHAr), 128.4 (CHAr), 128.3 (CHAr), 54.8 (CH2); m/z (EI) 133 ([M
+], 38), 105 (26), 91 
(100), 77 (56). 
(2-Azidoethyl)benzene (2.36b) 
 
Following the procedure used to prepare benzyl azide 2.36a, from 2-phenylethyl bromide 
(1.37 mL, 10.0 mmol) and after 2 h stirring, 1.38 g of the title compound were isolated as a 
pale yellow oil after extraction (94%).  
Spectroscopic data for the title compound were consistent with the previously reported data 
for this compound.72,321 
νmax (neat)/cm
-1: 3029, 2928, 2090, 1497, 1454, 1259, 1082, 745, 697, 566; δH (400 MHz, 
CDCl3): 7.36–7.17 (m, 5H, H
Ar), 3.49 (t, 2H, J = 7.3 Hz, ArCH2), 2.88 (t, 2H, J = 7.3 Hz, 
CH2N3); δC (100 MHz, CDCl3): 138.0 (C
Ar), 128.7 (CHAr), 128.6 (CHAr), 126.7 (CHAr), 52.4 
(CH2N3), 35.3 (PhCH2); m/z (EI) 147 ([M]
+, 2), 119 (13), 91 (100), 65 (116). 
 (1-Azidoethyl)benzene (2.36c)  
 
Following the procedure used to prepare benzyl azide 2.36a, from 1-phenylethylbromide 
(1.36 mL, 10.0 mmol) and after 12 h stirring, 1.34 g of the title compound were isolated as a 
yellow oil (91%).  
Spectroscopic data for the title compound were consistent with the previously reported 
one.168 
νmax (neat)/cm
-1: 2980, 2933, 2085, 1454, 1243, 1062, 758, 697; δH (400 MHz, CDCl3): 
7.32‒7.27 (m, 5H, HAr), 4.59 (q, 1H, J = 6.9 Hz, CHN3), 1.51 (d, 3H, J = 6.9 Hz, CH2N3); δC 
(100 MHz, CDCl3): 140.8 (C
Ar), 128.7 (CHAr), 128.1 (CHAr), 126.3 (CHAr), 61.1 (CHN3), 
21.5 (CH3); m/z (EI) 147 ([M]
+, 7), 105 (100), 77 (40). 
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1-(Azidomethyl)-4-nitrobenzene (2.36d)  
 
Following the procedure used to prepare benzyl azide 2.36a, from 1-bromomethyl-4-
nitrobenzene (4.32 g, 20.0 mmol) and after 4 h, 3.21 g of the title compound were isolated as 
a bright yellow oil (90%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.72  
νmax (neat)/cm
-1: 2856, 2098, 1606, 1516, 1437, 1314, 1109, 840, 736; δH (400 MHz, CDCl3): 
8.25 (d, 2H, J = 8.6 Hz, HAr), 7.51 (d, 2H, J = 8.6 Hz, HAr), 4.51 (s, 2H, ArCH2); δC (100 
MHz, CDCl3): 147.6 (C‒NO2), 142.7 (C
Ar), 128.6 (CHAr), 124.1 (CHAr), 53.7 (CH2N3); m/z 
(CI) 196 ([MNH4]
+, 66), 179 ([MH]+, 1), 168 (40), 151 (97), 132 (11), 122 (25), 108 (29), 94 
(18), 52 (100). 
1-Azidomethyl-3-chlorobenzene (2.36e)  
 
Following the procedure used to prepare benzyl azide 2.36a, from 1-bromomethyl-3-
chlorobenzene (1.31 mL, 10.0 mmol), and after 18 h stirring, 1.34 g of the title compound 
were isolated as a pale yellow oil (80%).  
Spectroscopic data for the title compound was consistent with the previously reported data 
for this compound.322  
νmax (neat)/cm
-1 2929, 2094, 1600, 1576, 1479, 1431, 1339, 1282, 1256, 1078, 778, 681; δH 
(400 MHz, CDCl3): 7.31‒7.28 (m, 3H, H
Ar), 7.22‒7.15 (m, 1H, HAr), 4.32 (s, 2H, CH2N3); δC 
(100 MHz, CDCl3): 137.4 (C
Ar), 134.7 (C‒Cl), 130.1(CHAr), 128.5 (CHAr), 128.2 (CHAr), 
126.2 (CHAr), 54.1 (CH2N3); m/z (EI) 167 (M
+, 61), 138 (100), 125 (79), 111 (48) 77 (32). 
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1-Azidomethyl-3,5-bis-trifluoromethylbenzene (2.36f)  
 
Following the procedure used to prepare benzyl azide 2.36a, from 1-bromomethyl-3,5-bis-
trifluoromethylbenzene (1.89 mL, 10.0 mmol) and after 18 h stirring, 2.53 g of the title 
compound were isolated as a pale yellow oil after extraction (94%).  
Spectroscopic data for the title compound were consistent with the previously reported 
one.323 
νmax (neat)/cm
-1: 2101, 1381, 1339, 1275, 1168, 1123, 906, 694; δH (400 MHz, CDCl3): 7.86 
(s, 1H, HAr), 7.79 (s, 2H, HAr), 4.55 (s, 2H, CH2N3); δC (100 MHz, CDCl3): 138.2 (C
Ar), 132.3 
(q, J = 33.5 Hz, CF3), 127.9 (CH
Ar), 124.2 (CHAr), 122.3-122.0 (m, C‒CF3), 53.6 (CH2N3); 
m/z (EI) 269 (M+, 6), 240 (100), 227 (68), 213 (76), 163 (19), 145 (16). 
1-Azidomethyl-4-methoxybenzene (2.36g) 
 
Following the procedure used to prepare benzyl azide 2.36a, from 1-chloromethyl-4-
methoxybenzene (10.85 mL, 80 mmol) and after 18 h stirring, 12.92 g of the title compound 
were isolated as a pale yellow oil after extraction (99%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.324 
νmax (neat)/cm
-1: 2930, 2860, 2089, 1457, 1248, 639; δH (400 MHz, CDCl3): 7.25 (d, 2H, J = 
8.7 Hz, HAr), 6.91 (d, 2H, J = 8.7 Hz, HAr), 4.27 (s, 2H, CH2), 3.82 (s, 3H, CH3); δC (100 
MHz, CDCl3): 159.3 (COCH3) 129.4 (CH
Ar), 127.1 (CAr), 113.8 (CHAr), 54.8 (CH3), 53.9 
(CH2); m/z (EI) 163 ([M]
+, 32), 121 (100), 92 (13), 77 (14), 65 (16). 
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(5-Azido-pent-1-ynyl)-trimethylsilane (2.36h) 
Me3Si
N3
 
Following the procedure used to prepare benzyl azide 2.36a, from (5-chloro-pent-1-ynyl)-
trimethylsilane (0.89 mL, 5 mmol) and stirring for 18 h at 65 °C, 0.79 g of the title compound 
were isolated as a pale yellow oil (87%).  
Spectroscopic data for the title compound were consistent with the previously reported 
one.325 
νmax (neat)/cm
-1: 2966, 2184, 2095, 1248, 837, 758, 704, 648; δH (400 MHz, CDCl3): 3.41 (t, 
2H, J = 1.7 Hz, CH2N3), 2.36 (t, 2H, J = 1.7 Hz, ≡C-CH2) 1.83‒1.74 (m, 2H, CH2CH2N3), 
0.15 (s, 9H, CH3); δC (100 MHz, CDCl3): 105.1 (Me3SiC≡), 85.6 (Me3SiC≡C), 50.0 (CH2N3), 
27.6 (≡C-CH2), 17.0 (CH2CH2N3), -0.1 (CH3); m/z (CI) 182 ([(M+H)]
+, 43), 154 (35), 90 
(17). 
(3-Azidopropenyl)benzene (2.36i) 
 
Following the procedure used to prepare benzyl azide 2.36a, from (3-bromopropenyl)benzene 
(2.96 mL, 20 mmol) and after 18 h stirring, 3.15 g of the title compound were isolated as a 
pale yellow oil after extraction (99%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.168 
νmax (neat)/cm
-1: 2966, 2184, 2091, 1233, 837, 758, 704, 691; δH (400 MHz, CDCl3): 
7.41‒7.24 (m, 5H, HAr), 6.64 (d, 1H, J = 15.8 Hz, PhCH=), 6.24 (dt, 1H, J = 15.8, 6.6 Hz, 
PhCH=CH), 3.94 (d, 2H, J = 6.6 Hz, CH2N); δC (100 MHz, CDCl3): 136.0 (C
Ar), 134.5 
(PhCH=), 128.6 (CHAr), 128.2 (CHAr), 126.6 (CHAr), 122.4 (PhCH=C), 53.0 (CH2); m/z (EI) 
159 ([M]+, 31), 130 (66), 117 (100), 104 (80), 77 (42). 
6-Azidohexanenitrile (2.36j)  
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Following the procedure used to prepare benzyl azide 2.36a, from 6-bromohexanenitrile 
(2.65 mL, 20.0 mmol) and after 18 h stirring, 2.14 g of the title compound were isolated as a 
colourless oil after extraction (78%).  
Spectroscopic data for the title compound were consistent with the previously reported 
one.326 
νmax (neat)/cm
-1: 2941, 2869, 2092, 1460, 1259, 899; δH (400 MHz, CDCl3): 3.31 (t, 2H, J = 
6.6 Hz, CH2N3), 2.38 (t, 2H, J = 7.0 Hz, CH2CN), 1.75‒1.52 (m, 6H, CH2); δC (100 MHz, 
CDCl3): 119.5 (C, CN), 51.0 (CH2N3), 28.1 (CH2), 25.9 (CH2), 25.0 (CH2), 17.1 (CH2); m/z 
(CI) 156 ([(M+NH4)]
+, 100), 138 ([(M+H)]+, 1), 128 (28), 111 (66), 84 (5), 42 (2). 
1-Azidohexane (2.36h)  
N3 
Following the procedure used to prepare benzyl azide 2.36a, from 1-bromohexane (2.81 mL, 
20.0 mmol) and after 18 h stirring, 1.92 g of the title compound were isolated as a colourless 
oil after extraction (76%).  
1H NMR for the title compound was consistent with the previously reported data for this 
compound.327  
νmax (neat)/cm
-1: 2930, 2860, 2089, 1457, 1248, 639; δH (400 MHz, CDCl3) 3.26 (t, 2H, J = 
7.0 Hz, CH2N3) 1.63‒1.56 (m, 2H, CH2CH2N3), 1.41‒1.25 (m, 6H, CH2), 0.90 (t, 3H, J = 6.9 
Hz, CH3); δC (100 MHz, CDCl3): 51.5 (CH2N3), 31.3 (CH2), 28.8 (CH2), 26.4 (CH2), 22.5 
(CH2), 14.0 (CH3); m/z (EI) 128 ([M]
+, 3), 98 (5), 85 (14), 70 (35), 56 (31), 43 (100). 
9-Azido-9H-fluorene (2.36l)169  
 
A solution of sodium azide (1.33 g, 20.4 mmol) in water (3 mL) was added to a solution of 9-
bromo-9H-fluorene (1.00 g, 4.08 mmol) in acetone (7 mL). The resulting solution was stirred 
overnight. The acetone was then removed under reduced pressure, and the resulting aqueous 
mixture was extracted with dichloromethane (2 x 15 mL). The combined organic phases were 
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dried over sodium sulfate, filtered and concentrated under reduced pressure, to yield a light 
yellow crude solid which was purified by silica gel column chromatography (hexanes, Rf  = 
0.14) to furnish 9-azido-9H-fluorene as a white solid (0.70 g, 3.38 mmol, 83%). 
Spectroscopic data for the title compound were consistent with the previously reported 
one.169 
mp 42‒44 °C; νmax (neat)/cm
-1 3068, 2087, 1451, 1307, 1228, 1172, 739; δH (400 MHz, 
CDCl3): 7.71 (d, 2H, J = 7.5 Hz, H
Ar), 7.63 (d, 2H, J = 7.4 Hz, HAr), 7.44 (t, 2H, J = 7.4 Hz, 
HAr), 7.40‒7.33 (m, 2H, HAr), 5.20 (s, 1H, CHN3); δC (100 MHz, CDCl3): 141.6 (C
Ar), 140.7 
(CAr), 129.4 (CHAr), 128.0 (CHAr), 125.2 (CHAr), 120.3 (CHAr), 64.3 (CHN3);  m/z (EI) 207 
([M+], 64), 179 (83), 165 (100), 76 (31).  
4-Methylbenzenesulfonyl azide (2.36m)170  
 
Sodium azide (1.69 g, 26 mmol) was added to a solution of 4-methylbenzenesulfonyl 
chloride (3.81 g, 20 mmol) in acetone/water (115 mL, 1:1 v/v) at 0 °C. The mixture was 
stirred for 2 h after which the acetone was removed under reduced pressure. The organic 
phase was then separated and the aqueous layer was extracted with diethyl ether (3 x 40 mL). 
The organic phases were combined, dried over MgSO4, filtered and concentrated to give 4-
methylbenzenesulfonyl azide as a colourless oil which was stored at 4°C (3.35 g, 17.0 mmol, 
85%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.170  
νmax (neat)/cm
-1: 2122, 1595, 1307, 1161, 1084, 812, 742, 655, 586; δH (400 MHz, CDCl3): 
7.85 (d, 2H, J = 8.3 Hz, HAr), 7.41 (d, 2H, J = 8.3 Hz, HAr), 2.49 (s, 3H); δC (100 MHz, 
CDCl3): 146.3 (C
Ar), 133.5 (CAr), 130.3 (CHAr), 127.5 (CHAr), 21.8 (CH3); m/z (CI) 215 
([(M+NH4)]
+, 100), 189 (25), 174 (18), 125 (9), 108 (16), 91 (10). 
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1-Azidoadamantane (2.36n)171  
 
To a stirred solution of 1-bromoadamantane (2.15 g, 10 mmol) in dry DCM (50 mL) at 0 °C 
under nitrogen atmosphere azidotrimethylsilane (1.59 mL, 12 mmol) and stannic chloride (1 
mL, 1.72 mmol) were added. The mixture was stirred for 12 h before the reaction was 
quenched with ice-cold water (100 mL) and extracted with DCM (2 x 100 mL). The organic 
layer was dried over anhydrous magnesium sulphate and concentrated to give a crude white 
solid which was purified by silica gel column chromatography (hexanes/DCM 20:1, Rf  = 
0.43) to give the title compound as a white solid (1.05 g, 5.9 mmol, 59%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.328 
mp 78‒80 °C; νmax (neat)/cm
-1: 2912, 2853, 2084, 1453, 1253, 1058, 886, 676; δH (400 MHz, 
CDCl3): 2.15 (br s, 3H, CH), 1.84‒1.76 (m, 6H, CH2), 1.74‒1.59 (m, 6H, CH2); δC (100 
MHz, CDCl3): 59.0 (CN3), 41.5 (CH2), 35.9 (CH2), 29.8 (CH); m/z (EI) 177 ([M
+], 4%), 148 
(14), 135 (100), 106 (21), 93 (22), 79 (25), 70 (26), 42 (5).  
Azidobenzene (2.36o)  
 
Concentrated sulphuric acid (3.88 mL, 72.7 mmol) was added to a suspension of aniline (1.82 
mL, 20.0 mmol) in water (15 mL).  This solution was then cooled in ice, before adding a 
solution of sodium nitrite (1.50 g, 21.7 mmol) in water (9 mL) followed by n-hexane (28 
mL). A solution of sodium azide (1.69 g, 26 mmol) in water (10 mL) was then added 
dropwise with the solution turning slightly pink when each drop was added.  The reaction 
mixture was then left to stir for three hours at room temperature after which the biphasic 
reaction mixture had turned yellow. The organic layer was separated from the aqueous phase 
dried over sodium sulfate, filtered and concentrated under reduced pressure to give the title 
compound as a yellow oil (2.10 g, 6.2 mmol, 88%). 
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Spectroscopic data for the title compound were consistent with the previously reported 
ones.72,172 
νmax (neat)/cm
-1 3065, 2122, 2090, 1593, 1491, 129, 1102, 895, 744, 668; δH (400 MHz, 
CDCl3): 7.35‒7.04 (m, 5H, H
Ar); δC (100 MHz, CDCl3): 140.0 (C
Ar), 129.8 (CHAr), 124.9 
(CHAr), 119.1 (CHAr); m/z (EI) 119 ([M+], 36), 91 (100), 77 (8). 
1,2,3,4,6-Penta-O-α,β-D-mannopyranoside (2.37)173  
 
D-Mannose (1 g, 5.55 mmol) was dissolved in acetic anhydride (15 mL) containing a few 
crystals of DMAP under nitrogen atmosphere at 0 °C. Pyridine (20 mL) was then added and 
the reaction mixture was allowed to warm to room temperature and stir for 24 h, after which 
it had turned clear. The solvents were coevaporated with toluene (3 x 20 mL) and the yellow 
residue was taken up in ethyl acetate (30 mL) and washed with 2 M HCl (3 x 20 mL), water 
(2 x 15 mL), saturated sodium bicarbonate (3 x 15 mL) and brine (2 x 15 mL). The organic 
phase was dried over sodium sulfate, filtered and concentrated to give a yellow syrup which 
was purified by silica gel column chromatography (ethyl acetate:hexanes (1:8 to 1:1, Rf = 
0.57) to give the title compound as a colourless syrup (2.10 g, 5.4 mmol, 97%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.173 
νmax (neat)/cm
-1 2960, 1752, 1368, 1210, 1144, 1023, 968, 888, 601; δH (400 MHz, CDCl3): 
6.09 (d, 1H, J = 1.8 Hz, Hanomeric), 5.40‒5.32 (m, 2H, CH), 5.30 (m, 1H, CH), 4.34‒4.25 (m, 
1H, CHH), 4.16‒4.02 (m, 2H, CHH and CH), 2.18 (s, 3H, CH3), 2.15 (s, 3H, CH3), 2.08 (s, 
3H, CH3), 2.05 (s, 3H, CH3), 2.00 (s, 3H, CH3); δC (100 MHz, CDCl3): 170.6 (C=O), 169.9 
(C=O), 169.7 (C=O), 169.4 (C=O), 90.5 (CH, CHanomeric), 70.5 (CH), 68.7 (CH), 68.3 (CH), 
65.4 (CH), 62.0 (CH2), 20.8 (CH3), 20.7 (CH3), 20.65 (CH3), 20.63 (CH3), 20.6 (CH3); m/z 
(CI) 408 ([(M+NH4)]
+, 100%), 331 (64), 277 (10). 
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2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyl azide (2.36p)68  
 
To a solution of 2.37 (5.00 g, 12.8 mmol) in dry DCM (100 mL) under nitrogen atmosphere 
were added azidotrimethylsilane (3.40 mL, 25.6 mmol) followed by tin(IV) chloride (0.90 
mL, 7.68 mmol). The reaction mixture was stirred at ambient temperature for 12 h before the 
solvent was removed under reduced pressure to give a white residue which was purified by 
silica gel column chromatography (petroleum spirit/ethyl acetate 2:1, Rf = 0.46) to yield the 
title compound as a colourless syrup (4.69 g, 12.5 mmol, 98%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.68  
νmax (neat)/cm
-1 2960, 2104, 1752, 1368, 1210, 1144, 1023, 968, 888, 601; δH (400 MHz, 
CDCl3): 5.40 (d, 1H, J = 1.8 Hz, CHN3), 5.34‒5.21 (m, 2H, CH) 5.18‒5.14 (m, 1H, CH), 
4.35‒4.27 (m, 1H, CHH), 4.21‒4.09 (m, 2H, CH and CHH), 2.18 (s, 3H, CH3), 2.12 (s, 3H, 
CH3), 2.06 (s, 3H, CH3), 2.00 (s, 3H, CH3); δC (100 MHz, CDCl3): 170.6 (C=O), 169.9 
(C=O), 169.8 (C=O), 169.6 (C=O), 87.4 (CH, CHN3), 70.6 (CH), 69.1 (CH), 68.2 (CH), 65.6 
(CH), 62.1 (CH2), 20.8 (CH3), 20.70 (CH3), 20.66 (CH3), 20.60 (CH3); m/z (ESI) 331 
([(M+H)]+ - N3, 100), 314 (22), 260 (16). 
2’-Chloroethyl-2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (2.38)174  
 
BF3∙OEt2 (6.32 mL, 51.2 mmol) was added to a solution of 2.37 (4.00 g, 10.2 mmol) and 2-
chloroethanol (1.03 mL, 15.4 mmol) in dry DCM (25 mL) at 0 °C under nitrogen atmosphere. 
The reaction mixture was allowed to stir at ambient temperature for 24 h before the solvent 
and excess 2-chloroethanol was removed under reduced pressure. The resulting brown 
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residue was dissolved in DCM (30 mL) and washed with water (3 x 10 mL), saturated 
NaHCO3 solution (1 x 10 mL) and water (1 x 20 mL). The organic phase was dried over 
magnesium sulfate, filtered and concentrated under reduced pressure to give the title 
compound as an off-white solid (3.19 g, 7.8 mmol, 76%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.174  
mp 98‒101 °C; νmax (neat)/cm
-1 1736, 1366, 1227, 1136, 1087, 1050, 976, 689; δH (400 MHz, 
CDCl3): 5.42‒5.20 (m, 3H, CH), 4.88 (d, 1H, J = 1.6 Hz, CH
anomeric), 4.39‒4.22 (m, 1H, 
CHCH2), 4.18‒4.08 (m, 2H, CH2OAc), 3.97‒3.76 (m, 2H, CH2CH2Cl), 3.68 (t, 2H, J = 
5.8Hz, CH2Cl), 2.16 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.00 (s, 3H, CH3); δC 
(100 MHz, CDCl3): 170.6 (C=O), 170.0 (C=O), 169.8 (C=O), 169.7 (C=O), 97.7 (CH
anomeric), 
68.9 (CH), 68.6 (CH2), 65.9 (CH), 62.3 (CH2), 42.3 (CH2), 20.8 (CH3), 20.7 (CH3), 20.64 
(CH3), 20.61 (CH3); m/z (ESI) 331 ([(M+H)]
+ -CH2CH2Cl, 100%), 287 (44), 217 (14), 203 
(4). 
2’-Azidoethyl-2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (2.36q)174  
 
To a mixture of 2.38 (2.8 g, 8.5 mmol) and Bu4NBr (0.043 g, 0.17 mmol) in DMF (15 mL), 
sodium azide (4.16 g, 85 mmol) was added. The reaction mixture stirred at 65 °C for 12 h, 
before the solvent was removed under reduced pressure. The resulting yellow residue was 
dissolved in ethyl acetate (50 mL) and washed with water (3 x 20 mL) and brine (1 x 10 mL). 
The organic phase was dried over magnesium sulfate, filtered and concentrated under 
reduced pressure to give the title compound as an off-white solid (2.23 g, 5.4 mmol, 63%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.174  
mp 77‒78 °C; νmax (neat)/cm
-1 2110, 1732, 1370, 1224, 1136, 1046, 979, 936, 602; δH (400 
MHz, CDCl3): 5.40‒5.21 (m, 3H, CH), 4.76 (d, 2H, J = 1.6 Hz, CH
anomeric), 4.34‒4.25 (m, 
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1H, CH2N), 4.19‒4.08 (m, 1H, CH2N), 4.07‒4.01 (m, 1H, CH2OAc), 3.94‒3.82 (m, 1H, 
CH2OAc), 3.72‒3.63 (m, 1H, CH2CH2N), 3.55‒3.40 (m, 1H, CH2CH2N), 2.17 (s, 3H, CH3), 
2.11 (s, 3H, CH3), 2.06 (s, 3H, CH3), 2.00 (s, 3H, CH3); δC (100 MHz, CDCl3):  170.6 (C=O), 
170.0 (C=O), 169.8 (C=O), 169.7 (C=O), 97.7 (CH, CHanomeric), 69.3 (CH), 68.7 (CH), 67.0 
(CH2), 65.9 (CH), 62.3 (CH2), 50.3 (CH2), 20.8 (CH3), 20.68 (CH3), 20.65 (CH3), 20.60 
(CH3); m/z (ESI) 440 ([(M+Na)]
+ 100%), 358 (24), 331 (93), 290 (25), 222 (8), 206 (5). 
7.5. Preparation of a glyco-alkyne 
α-D-Mannopyranoside, 2-propyn-1-yl, 2,3,4,6-tetraacetate (2.39)175  
 
2.37 (5.66 g, 14.5 mmol) and propargyl alcohol (1.36 mL, 23.4 mmol) were dissolved in dry 
dichloromethane (60 mL). The mixture was cooled to 0 °C and boron trifluoride diethyl 
etherate (3.26 mL, 25.8 mmol) was added. The mixture was allowed to warm to room 
temperature and stir for 24 h. The reaction was then quenched with saturated NaHCO3 
solution (30 mL) and the organic phase was dried over sodium sulfate, filtered and 
concentrated to give a sticky yellow oil, which was purified by silica gel column 
chromatography (n-hexane/ethyl acetate 1:1, Rf = 0.67) to yield the title compound as a 
colourless syrup (4.88g, 12.6 mmol, 87%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.329 
νmax (neat)/cm
-1 3264, 1737, 1370, 1215, 1136, 1054, 1013, 977, 689; δH (400 MHz, CDCl3): 
5.38‒5.27 (m, 3H, CH), 5.04 (d, 1H, J = 1.7 Hz, CHanomeric), 4.33‒4.26 (m, 3H, CHH and 
CH), 4.12 (dd, 1H, J = 12.3, 2.4 Hz, CHH), 4.06‒4.00 (m, 1H), 2.48 (t, 1H, J = 2.4 Hz, 
C≡CH), 2.17 (s, 3H, CH3), 2.11 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.00 (s, 3H, CH3); δC (100 
MHz, CDCl3): 171.6 (C=O), 169.9 (C=O), 169.8 (C=O), 169.7 (C=O), 96.2 (CH, CH
anomeric), 
77.7 (C, C≡CH), 75.6 (CH, C≡CH), 69.0 (CH), 68.9 (CH), 66.0 (CH), 62.3 (CH2), 54.9 
(CH2), 20.8 (CH3), 20.70 (CH3), 20.65 (CH3), 20.6 (CH3); m/z (CI) 404 ([(M+NH4)]
+, 100%).  
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7.6. Preparation of 1,2,3-triazoles 
A) General Procedure for the {CuBr[PPh2(OPh-2-OMe)]}-catalysed [3+2] 
Cycloaddition of Azides and Terminal Alkynes 
 
In a vial fitted with a screw cap, a freshly prepared 0.025 M solution of {CuBr[P(OPh-2-
OMe)Ph2]} in MeCN was introduced, then the solvent was then removed under a flux of 
nitrogen. H2O (0.5 mL), azide (0.5 mmol) and alkyne (0.5 mmol) were then loaded. The 
reaction was allowed to proceed at room temperature and monitored by 1H NMR analysis of 
aliquots. After total consumption of the starting azide, or no further reaction, the product was 
extracted with EtOAc or alternatively collected by filtration and washed with pentane. In all 
examples, the crude products were estimated to be greater than 95% pure by 1H NMR. 
Reported yields are isolated yields and are the average of at least two independent 
experiments. 
B) General Procedure for the [CuBr(PPh3)3]-Catalysed Cycloaddition of Azides and 
Terminal Alkynes 
 
In a vial fitted with a screw cap, [CuBr(PPh3)3] (2 mg, 0.5 mol %), azide (0.5 mmol) and 
alkyne (0.5 mmol) were loaded. The reaction was allowed to proceed at room temperature 
and monitored by 1H NMR analysis of aliquots. After total consumption of the starting azide, 
or no further reaction, the solid product was dissolved in EtOAc and concentrated or 
alternatively collected by filtration and washed with pentane. In all examples, the crude 
products were estimated to be greater than 95% pure by 1H NMR. Reported yields are 
isolated yields and are the average of at least two independent experiments. 
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C) General Procedure for the [CuBr(PPh3)3]-Catalysed Cycloaddition of In Situ-
Generated Azides and Terminal Alkynes 
 
The procedure described above was followed using an alkyl halide (0.5 mmol), NaN3 (42 mg, 
1.3 equiv) and alkyne (0.5 mmol) in water (1 mL). 
1-Benzyl-4-phenyl-1H-[1,2,3]triazole (2.40a) 
 
A) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.055 mL of 
phenylacetylene and after 5.5 h of reaction, 0.108 g of the title compound were isolated as a 
white solid after evaporation of ethyl acetate (99%). 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.055 mL of 
phenylacetylene and after 3 h of reaction, 0.116 g of the title compound were isolated as a 
white solid after evaporation of ethyl acetate (99%). 
C) Using the general procedure from 0.059 mL of benzyl bromide and 0.055 mL of 
phenylacetylene and after 7 h of reaction, 0.104 g of the title compound were isolated as an 
off-white solid (88%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.183 
mp 129‒131 °C; νmax (neat)/cm
-1 3145, 1469, 1450, 1362, 1223, 1140, 1118, 1046, 971, 767, 
727, 693, 587; δH (400 MHz, CDCl3) 7.83‒7.78 (m, 2H, H
Ar), 7.66 (s, 1H, NCH=), 7.44‒7.36 
(m, 5H, HAr), 7.35‒7.29 (m, 3H, HAr), 5.59 (s, 2H, ArCH2); δC (100 MHz, CDCl3) 148.2 (C, 
=C-Ph), 134.7 (CAr), 130.5 (CAr), 129.1 (CHAr), 128.8 (CHAr), 128.8 (CHAr), 128.1 (CHAr), 
128.0 (CHAr), 125.7 (CHAr), 119.5 (CH, NCH=), 54.2 (CH2); m/z (ESI) 236 ([(M+H)]
+, 100). 
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1-Benzyl-1H-1,2,3-triazol-4-yl)methyl benzoate (2.40b) 
 
A) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.072 mL of 
benzoic acid prop-2-ynyl ester, and after 3 h of reaction, 0.131 g of the title compound were 
isolated as a white solid after extraction with ethyl acetate (89%). 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.072 mL of 
benzoic acid prop-2-ynyl ester and after 30 min of reaction, 0.142 g of the title compound 
were isolated as a white solid after evaporation of ethyl acetate (97% yield). 
Spectroscopic data for the title compound were consistent with the previously reported 
one.330 
mp 106‒108 °C; νmax (neat)/cm
-1 3067, 2981, 1710, 1454, 1270, 1217, 1118, 1101, 1072, 
1049, 1025, 763, 701, 684, 673, 583; δH (400 MHz, CDCl3) 8.07‒7.98 (m, 2H, H
11), 7.60 (s, 
1H, H6), 7.58‒7.52 (m, 1H, H13), 7.45‒7.33 (m, 5H, HAr), 7.32‒7.27 (m, 2H, H3), 5.53 (s, 2H, 
ArCH2), 5.45 (s, 2H, CH2OBz); δC (100 MHz, CDCl3) 166.4 (C=O), 143.5 (HC=C-CH2), 
134.4 (C4), 133.1 (C13), 129.7 (C10 and C11), 129.2 (C2), 128.8 (C1), 128.4 (C12), 128.1 (C3), 
123.8 (C6), 58.1 (C8), 54.2 (C5); m/z (ESI) 294 ([MH]+, 100%). 
1-(3,5-Bis-trifluoromethylbenzyl)-4-phenyl-1H-[1,2,3]triazole (2.40c) 
 
A) Using the general procedure from 135 mg of 1-azidomethyl-3,5-bis-
trifluoromethylbenzene 2.36f and 55 µL of phenylacetylene, and after of 1.5 h of reaction, 
0.169 g of the title compound were isolated as an off-white solid after extraction with ethyl 
acetate (91%). 
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B) Using the general procedure from 0.135 g of 1-azidomethyl-3,5-bis-
trifluoromethylbenzene 2.36f and 0.055 mL of phenylacetylene and after of 6 h of reaction, 
0.149 g of the title compound were isolated as an off-white solid after evaporation of ethyl 
acetate (80%). 
mp 101‒102 °C; νmax (neat)/cm
-1 3092, 1754, 1470, 1355, 1275, 1224, 1173, 1158, 1117, 
1046, 870, 765, 692, 682; δH (400 MHz, CDCl3): 7.90 (s, 1H, NCH=), 7.86‒7.81 (m, 2H, 
HAr), 7.80‒7.76 (m, 2H, HAr), 7.47‒7.40 (m, 3H, HAr), 7.39‒7.32 (m, 1H, HAr), 5.71 (s, 2H, 
ArCH2); δC (100 MHz, CDCl3): 148.9 (NCH=C), 137.3 (C
Ar), 132.7 (q, J = 33.8 Hz, CF3), 
130.0 (CAr), 128.9 (CHAr), 128.5 (CHAr), 128.0 (CHAr), 125.8 (CHAr), 123.1‒122.8 (m, C-
CF3), 121.5 (CH
Ar), 119.5 (NCH=), 53.0 (CH2); δF (376 MHz, CDCl3): -62.9 (s); HRMS 
(ESI) calculated for C17H12N3F6 372.0935, found 372.0947 [(M+H)]
+. 
(1-Benzyl-1H-[1,2,3]triazol-4-ylmethyl)-dimethylamine (2.40d) 
 
A) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.054 mL of 
dimethyl-prop-2-ynyl-amine and after of 0.5 h of reaction, 0.087 g of the title compound 
were isolated as a brown oil after extraction with ethyl acetate (80%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.70 
νmax (neat)/cm
-1 2947, 2821, 2780, 2456, 1330, 1218, 1033, 1014, 849, 717, 696, 577; δH (400 
MHz, CDCl3): 7.40 (s, 1H, NCH=), 7.39‒7.33 (m, 3H, H
Ar), 7.39‒7.33 (m, 3H, HAr), 
7.29‒7.24 (m, 2H, HAr), 5.52 (s, 2H, PhCH2), 3.58 (s, 2H, CH2NMe2), 2.25(s, 3H, CH3); δC 
(100 MHz, CDCl3): 145.3 (NCH=C), 134.5 (C
Ar), 128.8 (CHAr), 128.3 (CHAr), 127.7  (CHAr), 
122.1 (NCH=), 54.1 (CH2NMe2), 53.7 (PhCH2N), 44.9 (CH3); m/z (ESI) 217 ([(M+H)]
+, 
100). 
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4-Cyclohex-1-enyl-1-(4-nitrobenzyl)-1H-[1,2,3]triazole (2.40e) 
 
A) Using the general procedure from 0.089 mg of 1-azidomethyl-4-nitro-benzene 2.36d and 
0.059 mL of ethynylcyclohexane and after 2 h of reaction, 0.112 g of the title compound were 
isolated as a light yellow solid after washing with pentane (79%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.72 
mp 110‒111 °C; νmax (neat)/cm
-1 2936, 2841, 1608, 1513, 1446, 1340, 1224, 1110, 1050, 860, 
840, 798, 726, 683; δH (400 MHz, CDCl3): 8.22 (d, 2H, J = 8.7 Hz, H
Ar), 7.39 (d, 2H, J = 8.7 
Hz, HAr), 7.36 (s, 1H, NCH=), 6.54 (broad s, 1H, =CHCH2), 5.63 (s, 2H, CH2N), 2.40‒2.32 
(m, 2H, CH2), 2.24‒2.16 (m, 2H, CH2), 1.81‒1.73 (m, 2H, CH2), 1.71‒1.62 (m, 2H, CH2); δC 
(100 MHz, CDCl3) 150.4 (NCH=C), 147.9 (C-NO2), 142.0 (C
Ar), 128.4 (CHAr), 126.9 
(C=CHCH2), 125.7 (C=CHCH2), 124.2 (CH
Ar), 118.4 (NCH=), 52.9 (CH2N), 26.3 (CH2), 
25.2 (CH2), 22.3 (CH2), 22.1 (CH2); m/z (ESI) 285 ([(M+H)]
+, 100). 
4-(3-Chloropropyl)-1-(4-methoxy-benzyl)-1H-[1,2,3]triazole (2.40f) 
 
A) Using the general procedure from 0.077 mL of 1-azidomethyl-4-methoxybenzene 2.36g 
and 0.053 mL of 5-chloro-pent-1-yne and after 24 h of reaction, 0.113 g of the title 
compound were isolated as a light yellow solid after extraction with ethyl acetate (85%). 
mp 53‒55 °C; νmax (neat)/cm
-1 3133, 2969, 1619, 1512, 1461, 1433, 1334, 1293, 1243, 1180, 
1051, 1024, 820, 747, 664; δH (400 MHz, CDCl3): 7.25‒7.19 (m, 3H, H
Ar and NCH=), 6.89 
(d, 2H, J = 5.4 Hz, HAr), 5.42 (s, 2H, CH2N), 3.81 (s, 3H, OCH3), 3.55 (t, 2H, J = 6.4 Hz, 
CH2Cl), 2.84 (t, 2H, J = 7.4 Hz, =C-CH2), 2.17‒2.07 (m, 2H, CH2CH2Cl); δC (100 MHz, 
CDCl3): 159.8 (C-OMe), 146.6 (NCH=C), 129.5 (CH
Ar), 126.7 (CAr), 120.7 (NCH=), 114.3 
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(CHAr), 55.2 (OCH3), 53.4 (CH2N), 44.1(CH2Cl), 31.8 (=CCH2), 22.6 (CH2CH2Cl); HRMS 
(ESI) calculated for C13H17N3OCl 220.1060, found 266.1054 [(M+H)
+].  
Dimethyl-(1-phenethyl-1H-[1,2,3]triazol-4-ylmethyl)-amine (2.40g) 
 
A) Using the general procedure from 0.074 mg of (2-azido-ethyl)-benzene 2.36b and 0.054 
mL of dimethyl-prop-2-ynyl-amine and after 2 h of reaction, 0.090 g of the title compound 
were isolated as a light brown oil after extraction with ethyl acetate (83%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.72 
νmax (neat)/cm
-1 2944, 2772, 1455, 1219, 1174, 1135, 1038, 1016, 848, 749, 729, 698, 567; δH 
(400 MHz, CDCl3): 7.32‒7.22 (m, 3H, H
Ar), 7.21 (s, 1H, NCH=), 7.12‒7.06 (m, 2H, HAr), 
4.58 (t, 3H, J = 7.2 Hz, PhCH2CH2N), 3.57 (s, 2H, CH2NMe2), 3.20 (t, 3H, J = 7.2 Hz, 
PhCH2CH2N), 2.22 (s, 6H, CH3); δC (100 MHz, CDCl3): 144.7 (NCH=C), 137.0 (C
Ar), 128.7 
(CHAr), 128.6 (CHAr), 126.9 (CHAr), 122.6 (NCH=), 54.2 (PhCH2CH2N), 51.4 (CH2NMe2), 
44.9 (PhCH2), 36.6 (CH3); m/z (ESI) 231 ([(M+H)]
+, 100). 
4-Butyl-1-phenethyl-1H-[1,2,3]triazole (2.40h) 
 
A) Using the general procedure from 0.074 mg of (2-azido-ethyl)-benzene 2.36b and 0.058 
mL of hex-1-yne and 2.2 mg [Cu] (1 mol %) and after 24 h of reaction, 0.090 g of the title 
compound were isolated as a colourless oil after extraction with ethyl acetate (78% yield). 
δH (400 MHz, CDCl3): 7.29‒7.19 (m, 3H, H
Ar), 7.10‒7.02 (m, 3H, HAr and NCH=), 4.51 (t, 
2H, J = 7.3 Hz, CH2N), 3.16 (t, 2H, J = 7.3 Hz, PhCH2), 2.66 (t, 2H, J = 7.6 Hz, =C‒CH2), 
1.65‒1.52 (m, 2H, CH2
alk), 1.39‒1.24 (m, 2H, CH2
alk), 0.90 (t, 3H, J = 7.4 Hz, CH3); δC (100 
MHz, CDCl3): 147.7 (NCH=C), 136.9 (C
Ar), 128.4 (2C, CHAr), 126.6 (CHAr), 120.9 (NCH=), 
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51.1 (CH2N), 36.5 (PhCH2), 31.2 (CH2
alk), 24.9 (CH2
alk), 21.8 (CH2
alk), 13.5 (CH3); HRMS 
(ESI) calculated for C14H20N3 230.1657, found 230.1653 [(M+H)
+]. 
4-Phenyl-1-(3-phenyl-allyl)-1H-[1,2,3]triazole (2.40i)  
 
A) Using the general procedure from 0.080 mg of (3-azido-propenyl)benzene 2.36i and 0.055 
mL of phenylacetylene and after 2 h of reaction, 0.124 g of the title compound were isolated 
as a white solid after washing with pentane (95%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.331 
mp 131‒133°C; νmax (neat)/cm
-1 3088, 1716, 1448, 1359, 1274, 1220, 1174, 1107, 1073, 974, 
761, 692; δH (400 MHz, CDCl3) 7.85‒7.80 (m, 2H, H
Ar), 7.79 (s, 1H, NCH=), 7.44‒7.22 (m, 
8H, HAr), 6.66 (d, 1H, J = 15.8 Hz, PhCH=), 6.34 (dt, 1H, J = 15.8, 6.6 Hz, PhCH=CH), 5.12 
(d, 2H, J = 6.6 Hz, CH2N); δC (100 MHz, CDCl3) 148.0 (NCH=C),  135.4 (C
Ar), 135.2 
(CHAr), 130.5 (CAr), 128.7 (CHAr), 128.6 (CHAr), 128.4 (CHAr), 128.0 (CHAr), 126.6 
(PhCH=), 125.6 (PhCH=C), 121.8 (CHAr), 119.3 (NCH=), 52.3 (CH2N); m/z (ESI) 262 
([(M+H)]+, 100). 
4-Phenyl-1-(5-trimethylsilanyl-pent-4-ynyl)-1H-[1,2,3]triazole (2.40j) 
 
A) Using the general procedure from 0.091 mg of (5-azido-pent-1-ynyl)-trimethylsilane 
2.36h and 0.055 mL of phenylacetylene and after 24 h of reaction, 0.130 g of the title 
compound were isolated as an off-white solid after washing with pentane (92%). 
mp 72‒73 °C; νmax (neat)/cm
-1 2960, 2174, 1463, 1245, 1223, 1084, 1042, 926, 836, 757, 709, 
687, 637, 568; δH (400 MHz, CDCl3): 7.86‒7.81 (m, 2H, H
Ar), 7.79 (s, 1H, NCH=) 7.46‒7.40 
(m, 2H, HAr), 7.37‒7.30 (m, 1H, HAr), 4.54 (t, 2H, J = 6.8 Hz, CH2N), 2.31 (t, 2H, J = 6.9 
Hz, ≡CCH2), 2.21‒2.12 (m, 2H, CH2NCH2N), 0.18 (s, 9H, CH3); δC (100 MHz, CDCl3): 
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147.6 (NCH=C), 130.5 (CAr), 128.8 (CHAr), 128.1 (CHAr), 125.7 (CHAr), 120.0 (NCH=), 
104.5 (Me3SiC≡), 86.7 (Me3SiC≡C), 48.8 (CH2N), 28.7 (≡CCH2), 17.0 (CH2CH2N), 0.0 
(CH3); HRMS (ESI) calculated for C16H22N3Si 284.1583, found 284.1580 [(M+H)
+].  
[1-(4-Methoxy-benzyl)-1H-[1,2,3]triazol-4-yl]-methanol (2.40k) 
 
A) Using the general procedure from 0.077 mL of 1-azidomethyl-4-methoxybenzene 2.36g 
and 0.029 mL of prop-2-yn-1-ol and after 24 h of reaction, 0.066 g of the title compound 
were isolated as a light red solid after extraction with ethyl acetate (60%). 
mp 69‒71 °C; νmax (neat)/cm
-1 3416, 3071, 1605, 1511, 1437, 1339, 1245, 1222, 1178, 1029, 
1001, 840, 777, 704, 655, 587; δH (400 MHz, CDCl3): 7.43 (s, 1H, NCH=), 7.21 (d, 2H, J = 
8.6 Hz, HAr), 6.87 (d, 2H, J = 8.6 Hz, HAr), 5.41 (s, 2H, CH2N), 4.71 (s, 2H, CH2OH), 3.79 
(s, 3H, OCH3); δC (100 MHz, CDCl3): 159.8 (C-OMe), 148.1 (NCH=C), 129.6 (CH
Ar), 126.4 
(CAr), 121.5 (NCH=), 114.3 (CHAr), 56.1 (CH2OH), 55.3 (CH3), 53.6 (CH2N); HRMS (ESI) 
calculated for C11H14N3O2 220.1086, found 220.1078 [(M+H)]
+.  
2-(1-Benzyl-1H-[1,2,3]triazol-4-yl)pyridine (2.40m) 
 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.051 mL of 2-
ethynylpyridine and after of 30 min of reaction, 0.116 g of the title compound were isolated 
as an off-white solid after evaporation of ethyl acetate (98%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.332  
mp 114‒115 °C; νmax (neat/cm
-1) 3084, 1596, 1471, 1420, 1346, 1224, 1044, 900, 703; δH 
(400 MHz, CDCl3): 8.54 (d, 1H, J = 3.9 Hz, H
Ar), 8.18 (d, 1H, J = 7.9 Hz, HAr), 8.04 (s, 1H, 
NCH=), 7.82‒7.73 (m, 1H, HAr), 7.43‒7.30 (m, 5H, HAr), 7.21 (dd, 1H, J = 5.2, 6.8 Hz, HAr), 
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5.59 (s, 2H, PhCH2); δC (100 MHz, CDCl3): 150.2 (C
Ar), 149.3 (CAr), 148.7 (NCH=C), 136.9 
(CHAr), 134.3 (CAr), 129.2 (CHAr), 128.9 (CHAr), 128.3 (CHAr), 122.9 (CHAr), 121.9 (CHAr), 
120.2 (NCH=), 54.4 (CH2); m/z (ESI) 237 ([(M+H)]
+, 100). 
1-Benzyl-4-(3-chloro-propyl)-1H-[1,2,3]triazole (2.40n) 
 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.053 mL of 5-
chloro-1-pentyne and after 6 h of reaction, 0.104 g of the title compound were isolated as a 
light brown solid after washing with pentane (88%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.130 
mp 58‒60 °C; νmax (neat/cm
-1) 3063, 1552, 1496, 1450, 1335, 1215, 1131, 1057, 765, 691; δH 
(400 MHz, CDCl3): 7.41‒7.32 (m, 3H, 2 x H
Ar and NCH=), 7.29‒7.22 (m, 3H, HAr), 5.50 (s, 
2H, PhCH2), 3.56 (t, 2H,  J = 6.4 Hz, CH2), 2.88 (t, 2H, J = 7.4 Hz, CH2), 2.21‒2.09 (m, 2H, 
CH2CH2CH2Cl); δC (100 MHz, CDCl3): 146.9 (=CCH2), 134.8 (C
Ar), 129.0 (CHAr), 128.6 
(CHAr), 127.9 (CHAr), 121.1 (NCH=), 54.0 (CH2N), 44.1 (CH2Cl), 31.8 (CH2, 
=CCH2CH2CH2Cl), 22.7 (CH2, CH2CH2Cl); m/z (ESI) 236 ([(M+H)]
+, 100). 
1-Benzyl-4-butyl-1H-[1,2,3]triazole (2.40o) 
 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.057 mL of 1-
hexyne and after of 8 h of reaction, 0.090 g of the title compound were isolated as an off-
white solid after evaporation of ethyl acetate (84% yield). 
C) Using the general procedure from 0.059 mL of benzyl bromide and 0.057 mL of 1-hexyne 
and after 24 h of reaction, 0.080 g of the title compound were isolated as an off-white solid 
(74%). 
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Spectroscopic data for the title compound were consistent with the previously reported 
ones.50 
mp 59‒61 °C; νmax (neat/cm
-1) 2954, 2934, 1738, 1455, 1365, 1215, 1119, 722, 703; δH (400 
MHz, CDCl3): 7.40‒7.32 (m, 3H, H
Ar), 7.26‒7.23 (m, 2H, HAr), 7.18 (s, 1H, NCH=), 5.49 (s, 
2H, PhCH2), 2.69 (t, 2H, J = 7.6 Hz, =C-CH2-CH2), 1.67‒1.58 (m, 2H, =C-CH2-CH2), 
1.41‒1.31 (m, 2H, CH2CH3), 0.91 (t, 3H, J = 7.4 Hz, CH3); δC (100 MHz, CDCl3): 149.8 
(=C‒butyl), 135.0 (CAr), 129.0 (CHAr), 128.6 (CHAr), 127.9 (CHAr), 120.9 (NCH=), 54.0 
(PhCH2), 31.4 (CH2), 25.4 (CH2), 22.3 (CH2), 13.8 (CH3); m/z (ESI) 216 ([(M+H)]
+, 100). 
1-Benzyl-4-trimethylsilanyl-1H-[1,2,3]triazole (2.40p) 
 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.071 mL of 
ethynyltrimethylsilane and after of 4 h of reaction, 0.0790 g of the title compound were 
isolated as a light brown solid after evaporation of ethyl acetate (68%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.183 
mp 62‒64 °C; δH (400 MHz, CDCl3): 7.42 (s, 1H, NCH=), 7.39‒7.34 (m, 3H, H
Ar), 7.30‒7.26 
(m, 2H, HAr), 5.56 (s, 2H, PhCH2), 0.30 (s, 9H, Si(CH3)3); δH (400 MHz, CDCl3): 147.0 
(NCH=C), 134.9 (CAr), 129.0 (NCH=), 128.7 (CHAr), 128.5 (CHAr), 128.0 (CHAr), 53.4 
(CH2), -1.20 (Si(CH3)3); m/z (ESI) 232 ([(M+H)]
+, 100). 
(1-Benzyl-1H-[1,2,3]triazol-4-yl)methanol (2.40q) 
 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.029 mL of prop-
2-yn-1-ol and after 8 h of reaction, 0.092 g of the title compound were isolated as a light 
yellow solid after evaporation of ethyl acetate (97%). 
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C) Using the general procedure from 0.059 mL of benzyl bromide and 0.029 mL of prop-2-
yn-1-ol and after 24 h of reaction, 0.084 g of the title compound were isolated as an off-white 
solid (89%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.333 
mp 76‒79 °C; νmax (neat/cm
-1) 3343, 1986, 1496, 1456, 1337, 1224, 1132, 1049, 1014, 799, 
724, 707; δH (400 MHz, CDCl3): 7.44 (s, 1H, NCH=), 7.42‒7.24 (m, 3H, H
Ar),7.31‒7.27 (m, 
2H, HAr), 5.53 (s, 1H, PhCH2), 4.78 (d, 2H, J = 6.1 Hz, CH2OH), 2.12 (t, 1H, J = 6.1 Hz, 
CH2OH); δC (100 MHz, CDCl3): 148.6 (=CCH2OH), 134.5 (C
Ar), 129.1 (CHAr), 128.7 
(CHAr), 128.1 (CHAr), 121.9 (NCH=), 56.3 (CH2), 54.2 (CH2); m/z (ESI) 190 ([(M+H)]
+, 
100). OH peak not observed in the 1H NMR spectrum. 
1-Benzyl-4-cyclopropyl-1H-[1,2,3]triazole (2.40r) 
 
B) Using the general procedure from 0.062 mL of benzyl azide 2.36a and 0.042 mL of 
ethynylcyclopropane and after 5 h of reaction, 0.097 g of the title compound were isolated as 
a white solid after evaporation of ethyl acetate (97%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.334  
mp 45‒46 °C; νmax (neat/cm
-1) 3008, 1562, 1497, 1456, 1217, 1044, 1029, 817, 723; δH (400 
MHz, CDCl3): 7.39‒7.32 (m, 3H, H
Ar), 7.26‒7.24 (m, 2H, HAr), 7.13 (s, 1H, NCH=), 5.46 (s, 
2H, PhCH2), 1.91 (tt, 1H, J = 5.1, 8.4 Hz, CH), 0.96‒0.86 (m, 2H, CH2), 0.84‒0.78 (m, 2H, 
CH2); δH (100 MHz, CDCl3): 150.7 (NCH=C), 134.8 (C
Ar), 128.9 (CHAr), 128.4 (CHAr), 
127.9 (CHAr), 119.6 (NCH=), 53.8 (PhCH2), 7.6 (CH
cyclopropyl), 6.6 (CHCH2); m/z (ESI) 200 
([(M+H)]+, 100). 
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1-(3-Chlorobenzyl)-1H-1,2,3-triazol-4-yl)methyl benzoate (2.40s) 
 
B) Using the general procedure from 0.084 g of 1-azidomethyl-3-chlorobenzene 2.36e and 
0.072 mL of benzoic acid prop-2-ynyl ester and after 30 min of reaction, 0.160 g of the title 
compound were isolated as an off-white solid after evaporation of ethyl acetate (97%).  
C) Using the general procedure from 0.065 mL of 3-chlorobenzyl bromide and 0.072 mL of 
benzoic acid prop-2-ynyl ester and after 24 h of reaction, 0.100 g of the title compound were 
isolated as an off-white solid (61%). 
mp 110‒112 °C; νmax (neat)/cm
-1 δH (400 MHz, CDCl3): 8.07‒8.00 (m, 2H, H
Ar), 7.64 (s, 1H, 
NCH=), 7.59‒7.52 (m, 1H, HAr), 7.46‒7.39 (m, 2H, HAr), 7.37‒7.27 (m, 3H, HAr), 7.19‒7.14 
(m, 1H, HAr), 5.50 (s, 2H, CH2), 5.46 (s, 2H, CH2); δC (100 MHz, CDCl3): 166.4 (C=O), 
143.4 (C, =CCH2OBz), 136.3 (C
Ar), 135.0 (CAr), 133.2 (CHAr), 130.4 (CHAr), 129.72 (CHAr), 
129.67 (CHAr), 129.1 (CHAr), 128.4 (CHAr), 128.2 (CHAr), 126.1 (CHAr), 123.9 (NCH=), 58.0 
(CH2), 53.5 (CH2); HRMS (ESI) calculated for C17H15N3O2Cl 328.0853, found 328.0854 
[(M+H)]+. 
1-(4-Nitrobenzyl)-1H-[1,2,3]triazole-4-carboxylic acid ethyl ester (2.40t) 
 
B) Using the general procedure from 0.089 g of 1-azidomethyl-4-nitrobenzene 2.36d and 
0.051 mL of propynoic acid ethyl ester and after of 1 h of reaction, 0.131 g of the title 
compound were isolated as an off-white solid after evaporation of ethyl acetate (95%).  
mp 145‒146 °C; νmax (neat)/cm
-1 1718, 1598, 1512, 1477, 1346, 1222, 1153, 927, 729, 693; 
δH (400 MHz, CDCl3): 8.26 (d, 2H, J = 8.7 Hz, H
Ar), 8.07 (s, 1H, NCH=), 7.44 (d, 2H, J = 
8.7 Hz, HAr), 5.71 (s, 2H, ArCH2), 4.43 (q, 2H, J = 7.1 Hz, CH2CH3), 1.41 (t, 3H, J = 7.1 Hz, 
CH2CH3); δC (100 MHz, CDCl3): 160.4 (C=O), 148.3 (C-NO2), 141.1 (=CCO2Et), 140.7 
235 
 
(CAr), 128.7 (CHAr), 127.5 (NCH=), 124.5 (CHAr), 61.5 (CH2CH3), 53.2 (CH2N), 14.2 (CH3); 
HRMS (ESI) calculated for C12H12N4O4 277.0937, found 277.0926 [(M+H)]
+. 
4-Cyclopropyl-1-(1-phenylethyl)-1H-[1,2,3]triazole (2.40u) 
 
B) Using the general procedure from 0.074 g of (1-azidoethyl)benzene 2.36c and 0.042 mL 
of ethynylcyclopropane and after 4 h of reaction, 0.078 g of the title compound were isolated 
as an off-white solid after evaporation of ethyl acetate (73%).  
mp 60‒61 °C; νmax (neat)/cm
-1 2985, 1732, 1673, 1568, 1449, 1374, 1314, 1327, 1118, 813, 
758, 696; δH (400 MHz, CDCl3): 7.40‒7.29 (m, 3H, H
Ar), 7.28‒7.23 (m, 2H, HAr), 7.11 (s, 
1H, NCH=), 5.76 (q, 1H, J = 7.1 Hz, PhCH), 1.95 (d, 3H, J = 7.1 Hz, CH3), 1.93‒1.87 (m, 
1H, CHcyclopropyl), 0.94‒0.87 (m, 2H, CH2), 0.84‒0.79 (m, 2H, CH2); δC (100 MHz, CDCl3): 
150.2 (=C-cyclopropyl), 140.1 (CAr), 128.9 (CHAr), 128.3 (CHAr), 126.4 (CHAr), 118.3 
(NCH=), 58.9 (PhCH), 21.2 (CH3), 7.6 (CH
cyclopropyl), 6.7 (CH2); HRMS (ESI) calculated for 
C13H16N3 214.1344, found 214.1333 [(M+H)]
+. 
1-Phenethyl-4-phenyl-1H-[1,2,3]triazole (2.40v) 
 
B) Using the general procedure from 0.074 g of (2-azidoethyl)benzene 2.36b and 0.055 mL 
of phenylacetylene and after of 24 h of reaction, 0.118 g of the title compound were isolated 
as an off-white solid after evaporation of ethyl acetate (95%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.183 
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mp 138‒140 °C; νmax (neat)/cm
-1 3084, 1450, 1362, 1223, 1140, 1118, 1046, 971, 767; δH 
(400 MHz, CDCl3): 7.80‒7.72 (m, 2H, H
Ar), 7.48 (s, 1H, HAr), 7.44‒7.37 (m, 2H, HAr), 
7.36‒7.23 (m, 4H, HAr), 7.17‒7.10 (m, 2H, HAr), 4.64 (t, 2H, J = 7.2 Hz, PhCH2CH2), 3.26 (t, 
2H, J = 7.2 Hz, PhCH2CH2); δC (100 MHz, CDCl3): 147.4 (=CPh), 137.0 (C
Ar), 130.6 (CAr), 
128.78 (CHAr), 128.75 (CHAr), 128.7 (CHAr), 128.0 (CHAr), 127.1 (CHAr), 125.6 (CHAr), 
119.9 (NCH=), 51.7 (CH2N), 36.7 (CH2, PhCH2); m/z (ESI) 250 [(M+H)]
+, 100).  
6-(4-Phenyl-[1,2,3]triazol-1-yl)hexanenitrile (2.40w) 
 
B) Using the general procedure from 0.069 g of 6-azidohexanenitrile 2.36j and 0.055 mL of 
phenylacetylene and after 2 h of reaction, 0.115 g of the title compound were isolated as an 
off-white solid after evaporation of ethyl acetate (95%).  
mp 63‒65 °C; νmax (neat)/cm
-1 1465, 1385, 1207, 1186, 1124, 1046, 914, 765, 695; δH (400 
MHz, CDCl3): 7.86‒7.81 (m, 2H, H
Ar), 7.76 (s, 1H, NCH=), 7.49‒7.40 (m, 2H, HAr), 
7.37‒7.31 (m, 1H, HAr), 4.43 (t, 2H, J = 7.0 Hz, CH2N), 2.36 (t, 2H, J = 7.0 Hz, CH2C≡N), 
2.08‒1.97 (m, 2H, CH2), 1.79‒1.67 (m, 2H, CH2), 1.59‒1.48 (m, 2H, CH2); δC (100 MHz, 
CDCl3): 147.8 (NCH=C), 130.5 (C
Ar), 128.8 (CHAr), 128.1 (CHAr), 125.6 (CHAr), 119.5 
(NCH=), 119.3 (C≡N), 49.8 (CH2N), 29.5 (CH2), 25.5 (CH2), 24.7 (CH2), 17.0 (CH2); HRMS 
(ESI) calculated for C14H17N4 241.1453, found 241.1459 [(M+H)]
+. 
1-(1-Hexyl-1H-[1,2,3]triazol-4-yl)cyclohexanol (2.40x) 
 
B) Using the general procedure from 0.064 g of 1-azidohexane 2.36k and 0.062 g of 1-
ethynyl-cyclohexanol and after 4 h of reaction, 0.118 g of the title compound were isolated as 
an off-white solid after filtering and washing with pentane (94%).  
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mp 80‒82 °C; νmax (neat)/cm
-1 3390, 2929, 2858, 1447, 1161, 1057, 973, 848; δH (400 MHz, 
CDCl3): 7.42 (s, 1H, NCH=), 4.32 (t, 2H, J = 7.3 Hz, CH2N), 2.27 (s, 1H, OH), 2.07‒1.82 (m, 
6H, CH2), 1.82‒1.67 (m, 2H, CH2), 1.67‒1.50 (m, 3H, CH2), 1.44‒1.23 (m, 7H, CH2), 0.88 (t, 
3H, J = 7.0 Hz, CH3); δC (125 MHz, CDCl3): 155.6 (NCH=C), 119.6 (NCH=), 69.6 (C‒OH), 
50.3 (CH2N), 38.2 (CH2), 31.1 (CH2), 30.2 (CH2), 26.2 (CH2), 25.4 (CH2), 22.4 (CH2), 22.0 
(CH2), 13.9 (CH3); HRMS (ESI) calculated for C14H26N3O 252.2076, found 252.2072 
[(M+H)]+. 
1-(9H-Fluoren-9-yl)-4-phenyl-1H-[1,2,3]triazole (2.40y) 
 
B) Using the general procedure from 0.103 g of 9-azido-9H-fluorene 2.36l and 0.055 mL of 
phenylacetylene and after of 4 h of reaction, 0.131 g of the title compound were isolated as a 
light red solid after washing with pentane (85%).  
mp 175‒177 °C; δH (400 MHz, CDCl3): 7.84‒7.78 (m, 2H, H
Ar), 7.75‒7.69 (m, 2H, HAr), 
7.54‒7.47 (m, 4H, HAr), 7.38‒7.26 (m, 6H, HAr and NCH=), 6.86 (s, 1H); δC (100 MHz, 
CDCl3): 149.1 (C
Ar), 141.1(CAr), 140.5 (CAr), 130.3 (CAr), 129.9 (CHAr), 128.7 (CHAr), 128.3 
(CHAr), 128.1 (CHAr), 125.6 (CHAr), 125.3 (CHAr), 120.5 (CHAr), 117.2 (NCH=), 64.5 (CH, 
CHN); HRMS (ESI) calculated for C21H16N3 310.1344, found 310.1343 [(M+H)]
+. 
Dimethyl-(1-phenyl-1H-[1,2,3]triazol-4-ylmethyl)amine (2.40z) 
 
B) Using the general procedure from 0.059 g of azidobenzene 2.36o and 0.054 mL of 
dimethyl-prop-2-ynyl-amine and after of 4 h of reaction, 0.100 g of the title compound were 
isolated as a light brown solid after evaporation of ethyl acetate (99%). 
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Spectroscopic data for the title compound were consistent with the previously reported 
ones.335 
mp 76‒78 °C; δH (400 MHz, CDCl3): 7.95 (s, 1H, NCH=), 7.77‒7.71 (m, 2H, H
Ar), 7.56‒7.49 
(m, 2H, HAr),  7.48‒7.39 (m, 1H, HAr), 3.70 (s, 2H, CH2NMe2), 2.34 (s, 6H, N(CH3)2); δC 
(100 MHz, CDCl3): 146.0 (NCH=C), 137.0 (C
Ar), 129.6 (CHAr), 128.5 (CHAr), 120.4 (CH, 
NCH=), 120.3 (CHAr), 54.3 (CH2N), 45.2 (CH3); m/z (ESI) 203 ([(M+H)]
+, 100), 175 (10). 
Acetic acid 4,5-diacetoxy-2-acetoxymethyl-6-(4-phenyl-[1,2,3]triazol-1-yl)-
tetrahydropyran-3-yl ester (2.40ab) 
 
B) Using the general procedure from 0.186 g of 2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl 
azide 2.36p, 0.055 mL of phenyl acetylene and 9.6 mg (2 mol %) of [CuBr(PPh3)3] and after 
24 h of reaction, 0.230 g of the title compound were isolated as a white solid after 
evaporation of ethyl acetate (97%).  
mp 71‒73 °C; νmax (neat)/cm
-1 1749, 1734, 1367, 1218, 1129, 1051, 1033, 986, 920, 768, 696, 
598; δH (500 MHz, CDCl3): 7.96 (s, 1H, H
6), 7.88‒7.84 (m, 2H, H3), 7.48‒7.43 (m, 2H, H2), 
7.40‒7.35 (m, 1H, H1), 6.07 (d, 1H, J = 2.7 Hz, H7), 6.03‒6.01 (m, 1H, H8), 6.00‒5.96 (m, 
1H, H9), 5.39 (t, 1H, J = 8.9 Hz, H10), 4.39 (dd, 1H, J = 5.5, 12.5 Hz, H12), 4.09 (dd, 1H, J =  
2.6, 12.5 Hz, H12), 3.98‒3.93 (m, 1H, H11), 2.19 (s, 3H, CH3), 2.09 (s, 3H, CH3), 2.072 (s, 
3H, CH3), 2.066  (s, 3H, CH3); δC (100 MHz, CDCl3): 170.5 (C=O), 169.7 (C=O), 169.6 
(C=O), 169.2 (C=O), 148.4 (C, C5), 129.7 (C, C4), 128.9 (CH, C3), 128.7 (CH, C1), 125.9 
(CH, C2), 119.7 (CH, C6), 83.6 (CH, C7), 72.2 (CH, C11), 68.8 (CH, C9), 68.3 (CH, C8), 66.1 
(CH, C10), 61.6 (CH2, C
12), 20.71 (CH3), 20.66 (2C, CH3), 20.6 (CH3); HRMS (ESI) 
calculated for C22H26N3O9 476.1669, found 476.1656 [(M+H)]
+. 
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Acetic acid 4,5-diacetoxy-2-acetoxymethyl-6-[2-(4-phenyl-[1,2,3]triazol-1-yl)-ethoxy]-
tetrahydro-pyran-3-yl ester (2.40ac) 
 
 
B) Using the general procedure from 0.105 g (0.25 mmol) of 2’-azidoethyl-2,3,4,6-tetra-O-
acetyl-α-D-mannopyranoside 2.36q and 0.028 mL (0.25 mmol) of phenylacetylene, 0.128 g 
of the title compound were isolated as a foamy white solid after evaporation of ethyl acetate 
(97%). 
mp 81‒82 °C; νmax (neat)/cm
-1 1741, 1437, 1369, 1219, 1136, 1085, 1040, 976, 767, 695; δH 
(400 MHz, CDCl3): 7.95 (s, 1H, H
6), 7.91‒7.86 (m, 2H, H3), 7.46‒7.38 (m, 2H, H2), 
7.35‒7.29 (m, 1H, H1), 5.27‒5.12 (m, 3H, H7 and H10), 4.87‒4.81 (m, 1H, H9), 4.70‒4.67 (m, 
1H, H8), 4.66‒4.57 (m, 1H, H8), 4.20‒4.04 (m, 2H, H12 and H14), 3.98‒3.85 (m, 2H, H13 and 
H14), 3.22‒3.12 (m, 1H, H11), 2.13 (s, 3H, CH3), 2.08 (s, 3H, CH3), 2.01 (s, 3H, CH3), 1.72 (s, 
3H, CH3); δC (100 MHz, CDCl3): 170.4 (C=O), 169.9 (C=O), 169.8 (C=O), 169.5 (C=O), 
147.8 (C, C5), 130.3 (C, C4), 128.7 (CH, C3), 129.1 (CH, C1), 125.7 (CH, C2), 121.0 (CH, 
C6), 96.7 (CH, C9), 69.0 (CH, C13), 68.72 (CH, C10), 68.70 (CH, C11), 65.6 (CH2, C
7), 65.2 
(CH, C12), 61.9 (CH2, C
14), 49.7 (CH2, C
8), 20.7 (CH3), 20.60 (CH3), 20.56 (CH3), 20.1 
(CH3); HRMS (ESI) calculated for C24H30N3O10 520.1931, found 520.1931 [(M+H)]
+. 
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1-(2’,3’,4’,6’,-Tetra-O-acetyl-α-D-mannopyranosyloxyethyl)-4-(2’’,3’’,4’’,6’’-tetra- 
O-acetyl-α-D-mannopyranosyloxymethyl)-1H-[1,2,3]-triazole (2.40ad) 
 
B) Using the general procedure from 0.105 g of 2’-azidoethyl-2,3,4,6-tetra-O-acetyl-α-D-
mannopyranoside 2.36q and 0.097 g of α-D-mannopyranoside-2-propyn-1-yl-2,3,4,6-
tetraacetate 2.39 in toluene (0.5 mL), 0.179 g of the title compound were isolated as a foamy 
white solid after evaporation of toluene (89%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.89 
mp 60‒62 °C; νmax (neat)/cm
-1 1756, 1737, 1370, 1215, 1136, 1053, 1012, 977, 688; δH (400 
MHz, CDCl3): 7.76 (s, 1H, NCH=), 5.36‒5.18 (m, 6H, CH), 5.00 (d, 1H, J = 1.1 Hz, 
CHOCH2), 4.90‒4.86 (m, 1H, CHH), 4.81 (d, 1H, J = 1.3 Hz, CHOCH2CH2N),  4.70 (d, 1H, 
J = 12.1 Hz, CH2O), 4.67‒4.58 (m, 2H, CH2N) 4.27‒4.26 (m, 1H, CHH), 4.25‒4.00 (m, 5H, 
CH2 and CH), 3.94‒3.86 (m, 1H, OCHHCH2N), 3.63‒3.84 (m, 1H,OCHHCH2N), 2.16 (s, 
3H, CH3), 2.14 (s, 3H, CH3), 2.13 (s, 3H, CH3), 2.10 (s, 3H, CH3), 2.05 (s, 3H, CH3), 2.04 (s, 
3H, CH3), 2.00 (s, 3H, CH3), 1.98 (s, 3H, CH3); δC (100 MHz, CDCl3): 170.6 (C=O), 170.5 
(C=O), 169.9 (C=O), 169.86 (2 x C=O), 169.72 (C=O), 169.65 (C=O), 169.5 (C=O), 143.6 
(C, NCH=C), 124.4 (CH, NCH=), 97.3 (CH, CHOCH2CH2N), 96.9 (CH, CHOCH2), 69.3 
(CH), 68.9 (CH), 68.6 (CH), 68.5 (CH), 66.0 (CH2), 65.9 (CH), 65.9 (CH), 65.6 (CH), 62.2 
(CH2), 62.1 (CH2), 60.8 (CH2, CH2N), 49.6 (CH2, OCH2CH2N), 20.8 (2 x CH3), 20.71 (2 x 
CH3), 20.65 (CH3), 20.60 (2 x CH3), 20.56 (CH3). 
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4-Cyclopropyl-1-phenethyl-1H-[1,2,3]triazole (2.40ae)  
 
C) Using general procedure from 0.068 mL of (2-bromoethyl)benzene and 0.042 mL of 
ethynylcyclopropane and after 9 h of reaction, 0.095 g of the title compound were isolated as 
an off-white solid (89%).  
mp 60‒62 °C; νmax (neat)/cm
-1 1568, 1491, 1450, 1222, 1045, 1029, 817; δH (400 MHz, 
CDCl3): 7.34‒7.23 (m, 3H, H
Ar), 7.18‒7.07 (m, 2H, HAr), 6.97 (s, 1H, NCH=), 4.52 (t, 2H, J 
= 7.4 Hz, CH2N), 3.18 (t, 2H, J = 7.4 Hz, ArCH2), 1.97‒1.87 (m, 1H, CH), 0.97‒0.88 (m, 
2H, CH2
cyclopropyl), 0.82‒0.73 (m, 2H, CH2
cyclopropyl); δC (100 MHz, CDCl3): 150.0 (NCH=C), 
137.2 (CAr), 128.7 (CHAr), 127.8 (CHAr), 127.0 (CHAr), 119.9 (NCH=), 51.4 (CH2N), 36.8 
(CH2, PhCH2), 7.6 (CH
cyclopropyl), 6.6 (CH2
cyclopropyl); HRMS (ESI) calculated for C13H16N3 
214.1344, found 214.1342 [(M+H)]+. 
1-(4-Nitrobenzyl)-4-phenyl-1H-[1,2,3]triazole (2.40af) 
 
C) Using the general procedure from 0.108 g of 1-bromomethyl-4-nitrobenzene and 0.055 
mL of phenylacetylene and after 9 h of reaction, 0.119 g of the title compound were isolated 
as an off-white solid (85 %).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.183 
mp 139‒141 °C; νmax (neat)/cm
-1 3082, 1601, 1516, 1348, 1221, 1056, 756, 693; δH (400 
MHz, CDCl3): 8.25 (d, 2H, J = 8.7 Hz, H
Ar), 7.82 (d, 2H, J = 7.1 Hz, HAr), 7.75 (s, 1H, 
NCH=), 7.49‒7.39 (m, 4H, HAr), 7.39‒7.32 (m, 1H, HAr), 5.71 (s, 1H, CH2); δC (100 MHz, 
CDCl3): 148.7 (C‒NO2), 148.1 (NCH=C), 141.7 (C
Ar), 130.1 (CAr), 128.9 (CHAr), 128.52 
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(CH, CHAr), 128.48 (CH, CHAr), 125.7 (CH, CHAr), 124.3 (CH, CHAr), 119.7 (NCH=), 53.2 
(CH2); m/z (ESI) 281 ([(M+H)]
+, 100).  
1-Methyl-4-phenyl-1H-[1,2,3]triazole (2.40ag) 
 
C) Using the general procedure from 0.032 mL of methyl iodide and 0.055 mL of 
phenylacetylene and after 24 h of reaction,  0.042 g of the title compound were isolated as an 
off-white solid (53%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.183 
mp 122-124 °C; νmax (neat)/cm
-1 1603, 1595, 1471, 1420, 1224, 1073, 1044, 854, 783, 711; δH 
(400 MHz, CDCl3): 7.83 (d, 2H, J = 7.4 Hz, H
Ar), 7.78 (s, 1H, NCH=), 7.43 (t, 2H, J = 7.4 
Hz, HAr), 7.34 (t, 1H, J = 7.4 Hz, HAr), 4.15 (s, 3H, CH3); δC (100 MHz, CDCl3): 148.0 
(=C‒Ph), 130.6 (CAr), 128.8 (CHAr), 128.1 (CHAr), 125.7 (CHAr), 120.5 (NCH=), 36.7 (CH3); 
m/z (ESI) 160 ([(M+H)]+, 100).  
7.7. Preparation of ruthenium complexes 
Dichloro(pentamethylcyclopentadienyl)ruthenium(III) oligomer (3.12)209  
 
Pentamethylcyclopentadiene (2.36 mL, 15.1 mmol) was added to a suspension of RuCl3∙H2O 
(1.37 g, 6.62 mmol) in ethanol (25 mL). After refluxing for 3 h, and cooling to room 
temperature, the mixture was filtered and the precipitate was washed with ethanol (5 mL) and 
diethyl ether (2 x 5 mL) and dried under vacuum to give the title complex as a black solid 
(1.16 g, 3.77 mmol, 57%). The crude solid was used in the next step without further 
purification. 
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[Cp*RuCl(PTA)2] (3.13)
210 
 
A) A mixture of [Cp*RuCl(PPh3)2] (100 mg, 0.13 mmol) and PTA (40 mg, 0.26 mmol) in 
dry toluene (5 mL) was heated under reflux for 3 h under nitrogen atmosphere. After cooling 
to room temperature, the mixture was concentrated and the resulting residue was 
recrystallised from dichloromethane/hexane to give the complex as an orange solid (45 mg, 
0.08 mmol, 60%). 
B) A mixture of [Cp*RuCl2]n (0.5 g, 0.8 mmol), PTA (0.5 g, 3.2 mmol) and zinc dust (0.22 g, 
3.2 mmol) was stirred in dichloromethane for 1 h under nitrogen atomosphere. The resulting 
mixture was filtered and concentrated to give a crude orange residue, which was 
recrystallised from dichloromethane/hexane to give the title complex as an orange solid (0.35 
g, 0.6 mmol, 75%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.210 
mp 267 °C (decomp); δH (400 MHz, CDCl3): 4.62‒4.45 (m, 12H, NCH2N), 4.13, 4.04 (AB 
quartet, 12H, J = 15.0 Hz, PCH2N), 1.73 (s, 15H, CH3); δC (100 MHz, CDCl3): 89.2 
(NCH2N), 73.4 (CH
Cp*), 55.2 (t, J = 7.0 Hz, CCp*), 11.5 (CH3); δP (162 MHz, CDCl3): -36.0 
(s). 
 [CpRuCl(PTA)2] (3.14)
210 
 
A mixture of [RuCl(Cp)(PPh3)2] (300 mg, 0.41 mmol) and PTA (130 mg, 0.82 mmol) in dry 
toluene (10 mL) was heated under reflux for 2 h under nitrogen atmosphere. After cooling to 
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room temperature, the yellow precipitate was filtered, washed with hexane and dried to give 
the title complex as a yellow solid (142 mg, 0.28 mmol, 67%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.210 
mp 271 °C (decomp); δH (400 MHz, CDCl3): 4.68‒4.43 (m, 17H, NCH2N + H
Cp), 4.17, 4.04 
(AB quartet, 12H, J = 14.2 Hz, PCH2N)  δC (100 MHz, CDCl3): 76.2 (NCH2N), 73.4 
(PCH2N), 57.2 (C
Cp); δP (162 MHz, CDCl3): -26.1 (s). 
[RuCl2(η
6-p-cymene)(PTA)] (3.15)211 
 
A mixture of [RuCl2(η
6-p-cymene)]2 (300 mg, 0.48 mmol) and PTA (156 mg, 0.96 mmol) in 
dry methanol (15 mL) was heated under reflux for 18 h under nitrogen atmosphere. After 
cooling to room temperature, the mixture was filtered and the resulting filtrate was 
concentrated under reduced pressure. The crude residue was recrystallised from 
dichloromethane/hexanes and filtered to give the title complex as an orange powder (426 mg, 
0.92 mmol, 93%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.211 
mp 248 °C (decomp); δH (400 MHz, CDCl3): 5.48, 5.43 (AB quartet, 4H, J = 5.2 Hz, H
Ar), 
4.53 (s, 6H, NCH2N), 4.32 (s, 6H, PCH2N), 2.79 (septet, 1H, J = 6.9 Hz, CH(CH3)2), 1.21 (d, 
6H, J = 6.9 Hz, CH(CH3)2); δC (100 MHz, CDCl3): 106.1 (C
Ar), 96.4 (CAr), 87.9 (CHAr), 85.1 
(CHAr), 73.3 (NCH2N),  52.6 (d, J = 16.2 Hz, PCH2N), 30.6 (CH(CH3)2), 22.0 (CH(CH3)2), 
18.6 (ArCH3); δP (162 MHz, CDCl3): -36.8 (s). 
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[RuCl2(PTA)4] (3.16)
212
 
 
A slurry of RuCl3∙H2O (0.25 g, 1 mmol) in warm (~ 40 °C) ethanol (15 mL) was added to a 
solution of PTA (0.95 g, 6 mmol) in warm ethanol (25 mL) under inert atmosphere. The 
mixture was subsequently refluxed for 2 h, and after cooling to room temperature, the 
resulting precipitate was washed with ethanol and acetone and dried under vacuum to give 
the title complex as a light yellow solid (0.56 g, 0.96 mmol, 96%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.212 
δH (400 MHz, CDCl3): 7.09 (s, 24H, NCH2N) 6.81 (s, 24H, PCH2N); δP (162 MHz, CDCl3): -
47.6 (s). 
7.8. Preparation of a water-soluble azide 
Imidazole-1-sulfonyl azide hydrochloride (3.18)213 
 
Sulfuryl chloride (8.1 mL, 100 mmol) was added dropwise to an ice-cooled suspension of 
sodium azide (6.5 g, 100 mmol) in anhydrous acetonitrile (100 mL) under nitrogen 
atmosphere. After stirring at room temperature overnight, the mixture was cooled to 0 °C and 
then imidazole (12.94 g, 190 mmol) was added, then the resulting slurry was stirred for 3 h at 
room temperature. The mixture was diluted with ethyl acetate (200 mL) then washed with 
water (2 x 100 mL), saturated aqueous sodium bicarbonate solution (2 x 100 mL) then dried 
over magnesium sulfate and filtered. A solution of HCl in ethanol (obtained by the dropwise 
addition of AcCl (10.7 mL, 150 mmol) to ice-cooled anhydrous ethanol (37.5 mL) was added 
to the filtrate. The mixture was cooled to 0 °C to precipitate a white solid, which was filtered 
and washed with ethyl acetate (3 x 30 mL) to give the title compound as a white solid (13.4 g, 
64 mmol, 64%). 
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Spectroscopic data for the title compound were consistent with the previously reported 
ones.213 
mp 96−99 °C; δH (400 MHz, D2O): 9.44 (s, 1H, NCHN), 8.04 (s, 1H, H
Ar), 7.63 (s, 1H, HAr); 
δC (400 MHz, D2O): 138.3 (CH
Ar); 123.4 (CHAr), 120.8 (CHAr). 
2-Azido-3-(4-hydroxyphenyl)propionic acid (3.17)213 
 
A mixture of L-tyrosine (1.81 g, 10 mmol), 3.18 (2.5 g, 12 mmol), K2CO3 (15.2 g, 110.25 
mmol), CuSO4∙5H2O (25 mg, 1 mol %) in methanol (50 mL) was stirred at room temperature 
overnight. After the mixture was concentrated under reduced pressure, water (150 mL) was 
added and the resulting mixture was acidified using concentrated hydrochloric acid. The 
solution was then extracted with ethyl acetate (3 x 100 mL) and the combined organic phases 
were dried over anhydrous magnesium sulfate and concentrated under reduced pressure. The 
resulting crude solid was recrystallised from ethyl acetate/hexanes to give the title compound 
as a light purple solid (1.76 g, 8.8 mmol, 88%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.47 
νmax (neat)/cm
-1 3284, 2114, 1743, 1411, 1278, 1093, 965, 944, 890, 772; δH (400 MHz, 
CD3CN): 7.09 (d, 2H, J = 8.4 Hz, H
Ar), 6.75 (d, 2H, J = 8.4 Hz, HAr), 4.16 (dd, 1H, J = 5.2, 
8.1 Hz, CHN3), 3.79 (s, 1H, OH), 3.07 (dd, 1H, J = 5.2, 14.2 Hz, ArCH2), 2.90 (dd, 1H, J = 
8.1, 14.2 Hz, ArCH2); δC (400 MHz, CD3CN): 171.8 (C=O), 156.8 (C‒OH), 131.5 (CH
Ar), 
128.5 (CAr), 116.2 (CHAr), 63.8 (C‒N3), 37.2 (CH2); m/z (ESI) 206 ([(M+H)]
+, 100), 163 
(10). 
7.9. Preparation of an iodide transfer reagent 
N-Iodomorpholine hydrogen iodide (4.11)226 
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Morpholine (3.48 mL, 40 mmol) was added dropwise to a solution of iodine (10.16 g, 40 
mmol) in methanol (160 mL) at room temperature. Upon addition the clear dark brown 
solution became red-orange. This solution was stirred for 45 minutes and the resulting orange 
precipitate was filtered, washed with methanol and dried under vacuum to give the title 
compound as an orange solid (12.09 g, 87%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.261 
mp 88‒91 °C; νmax (neat)/cm
-1: ) 3185, 2860, 1439, 1358, 1244, 1084, 1034, 1007, 861, 627; 
δH (400 MHz, CDCl3): 3.71 (t, 2H, J =7.1 Hz, CH2O), 2.93 (t, 2H, J =7.1 Hz, CH2N); δC 
(100 MHz, DMSO-d6): 63.9 (CH2O), 43.5 (CH2N). 
7.10. Preparation of iodoalkynes 
Diethyl(3-iodoprop-2-ynyl)amine (4.17a) 
I
Et2N  
To a solution of diethylprop-2-ynylamine (0.69 mL, 5 mmol) in THF (15 mL) were added 
CuI (0.048 g, 0.25 mmol) and N-iodomorpholine 4.11 (1.88 g, 5.5 mmol). The reaction 
mixture was stirred at room temperature for 1 h, before being filtered through a pad of neutral 
alumina and washed with THF. The resulting THF solution was concentrated under reduced 
pressure to give the title compound a light yellow solid (0.97 g, 4.1 mmol, 82%). 
mp 101‒103 °C; νmax (neat)/cm
-1 3242, 2232, 1667, 1538, 1067, 1043, 890; δH (400 MHz, 
CDCl3): 3.58 (s, 2H, CH2C≡), 2.55 (q, 4H, J = 7.2 Hz, NCH2CH3), 1.07 (t, 6H, J = 7.2 Hz, 
CH3); δC (100 MHz, CDCl3): 90.0 (C≡C–I), 47.3 (CH2CH3), 42.6 (CH2C≡), 12.6 (CH3), -1.7 
(C–I); HRMS (ESI) calculated for C7H13NI 238.0100, found 238.0086 ([M
+]) 
1-Iodoethynylcyclohexanol (4.17b) 
 
From 1-ethynylcyclohexanol (0.62 g, 5 mmol) and following the procedure to prepare 4.17a, 
1.08g of the title compound were isolated as a light yellow solid (86% yield). 
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Spectroscopic data for the title compound were consistent with the previously reported 
ones.264 
mp 53‒56 °C; νmax (neat)/cm
-1 3649, 3351, 3231, 1659, 1523, 1067, 1043, 891, 601, 580, 567; 
δH (400 MHz, CDCl3): 2.27 (s, 1H, OH), 1.82‒1.67 (m, 4H, CH2), 1.44‒1.23 (m, 6H, CH2); 
δC (100 MHz, CDCl3): 98.4 (C≡C–I), 70.4 (C–OH), 39.8 (CH2), 25.0 (CH2), 23.1 (CH2), 0.3 
(C–I); m/z (CI) 268 [(M+NH4)
+], 54), 250 ([M]+, 100), 233 (34), 124 (13), 95 (26). 
Iodoethynylbenzene (4.17d)324 
 
To a stirred solution of phenylacetylene (1.09 mL, 10 mmol) in THF (30 mL) at -78 °C under 
nitrogen atmosphere was added n-BuLi (5.22 mL, 2.5 M in hexanes, 13 mmol). The resulting 
yellow solution was stirred for 30 min at -78 °C before a solution of iodine (2.67 g, 10.5 
mmol) in THF (10 mL) was added.  The resulting colourless solution was allowed to warm to 
RT then poured into water (20 mL). The mixture was extracted with hexane (3 x 50 mL), and 
the organic phase was washed with saturated Na2S2O3 solution (2 x 40 mL) and with brine (1 
x 40 mL), dried over magnesium sulfate, filtered and concentrated to give the title compound 
as a pale yellow oil (2.06 g, 9.0 mmol, 90%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.336  
νmax (neat)/cm
-1: 3324, 3237, 1659, 1519, 1066, 1042, 880, 593, 557; δH (400 MHz, CDCl3): 
7.50‒7.44 (m, 2H, HAr), 7.38‒7.32 (m, 3H, HAr); δC (100 MHz, CDCl3): 132.3 (CH
Ar), 128.8 
(CHAr), 128.2 (CHAr), 123.4 (CAr), 94.1 (C≡C‒I), 6.1 (C‒I); m/z (EI) 228 ([M]+, 100), 101 
(22), 75 (100). 
1-Iodo-hex-1-yne (4.17e)324 
 
From hex-1-yne (1.14 mL, 10 mmol) and following the procedure used to prepare 
iodoethynylbenzene 4.17d 2.00 g of the title compound were isolated as a colourless oil (96% 
yield). 
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Spectroscopic data for the title compound were consistent with the previously reported 
ones.265 
νmax (neat)/cm
-1: 3230, 2223, 1527, 1067, 1042, 890, 594; δH (400 MHz, CDCl3): 2.36 (t, 2H,  
J = 6.8 Hz, CH2C≡), 1.53‒1.35 (m, 4H, CH2), 0.90 (t, 3H, J = 7.2 Hz, CH3); δC (100 MHz, 
CDCl3): 94.8 (C≡C‒I), 30.6 (CH2), 21.9 (CH2), 20.5 (CH2), 13.5 (CH2), 7.7 (C‒I); m/z (EI) 
208 ([M]+, 100). 
Iodoethynylcyclopropane (4.17c) 
 
From ethynylcyclopropane (0.42 ml, 5 mmol) and following the procedure used to prepare 
iodoethynylbenzene 4.17d, 0.89 g of the title compound were isolated as a yellow oil (92%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.226 
νmax (neat)/cm
-1 3333, 3241, 1654, 1523, 1067, 1043, 898, 602, 593, 586, 567, 554; δH (400 
MHz, CDCl3): 1.43‒1.30 (m, 1H, CH), 0.84‒0.66 (m, 4H, CH2); δC (100 MHz, CDCl3): 97.2 
(C≡C‒I), 9.20 (CH2), 1.54 (CH), -11.8 (C‒I); m/z (EI) 192 ([M]
+, 100), 164 (18), 127 (19), 65 
(85). 
2-Iodoethynylpyridine (4.17f)233 
 
t-Butyl hydroperoxide (0.62 mL, 70% aq. solution, 4.5 mmol) was added over 30 min to a 
solution of 2-ethynylpyridine (0.30 mL, 3 mmol), potassium iodide (0.5 g, 3.3 mmol) in 
methanol (10 mL). After 18 h, the reaction was quenched with saturated Na2S2O3 solution (10 
mL), washed with brine (10 mL) and extracted with EtOAc (3 x 10 mL). The organic phase 
was dried over sodium sulfate, filtered and concentrated to give a crude brown oil which was 
purified by silica gel column chromatography (hexanes/EtOAc 2:1, Rf = 0.53) to give the title 
compound as a light yellow solid (0.50 g, 2.2 mmol, 73%).  
1H NMR data for the title compound were consistent with the previously reported ones.337 
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mp 116‒118 °C; νmax (neat)/cm
-1 3322, 3232, 1663, 1066, 985, 594, 586, 567, 553; δH (400 
MHz, CDCl3): 8.55 (d, 1H, J = 7.4 Hz, H
Ar), 7.69‒7.62 (m, 1H, HAr), 7.41 (d, 1H, J = 7.7 
Hz, HAr), 7.27‒7.20 (m, 1H, HAr); δC (100 MHz, CDCl3): 149.7 (CH
Ar), 142.9 (CAr), 136.1 
(CHAr), 127.5 (CHAr), 123.3 (CHAr), 93.6 (C≡CI), 11.0 (C–I); HRMS (ESI) calculated for 
C7H5NI 229.9467, found 229.9468 [(M+H)
+]. 
3-Iodoethynylpyridine (4.17g) 
N
I
 
From 3-ethynylpyridine (0.31 g, 3 mmol) and following the procedure used to prepare 4.17f, 
0.51 g of the title compound were isolated as a light yellow solid after extraction of the 
reaction mixture (74%). 
δH (400 MHz, CDCl3): 8.71 (broad s, 1H, H
Ar), 8.57 (broad s, 1H, HAr), 7.72 (d, 1H, J = 7.9 
Hz, HAr), 7.27 (s, 1H, HAr); δC (100 MHz, CDCl3): 152.7 (CH
Ar), 148.6 (CHAr), 139.2 (CHAr), 
123.2 (CHAr), 121.0 (CAr), 90.6 (C≡C–I), 12.1 (C–I); HRMS (ESI) calculated for C7H5NI 
229.9467, found 229.9466 [(M+H)+]. 
1-Fluoro-4-iodoethynylbenzene (4.17h) 
 
From 1-ethynyl-4-fluorobenzene (0.36 g, 3 mmol) and following the procedure used to 
prepare 4.17f, 0.62 g of the title compound were isolated as a pale yellow oil after silica gel 
column chromatography (hexanes, Rf = 0.50) (84%).  
νmax (neat)/cm
-1: 3323, 3244, 1659, 1523, 1066, 1043, 882, 616, 592, 579, 560; δH (400 MHz, 
CDCl3): 7.45‒7.38 (m, 2H, H
Ar), 7.45‒7.38 (m, 2H, HAr); δC (100 MHz, CDCl3): 134.2 (d, J 
= 248.9 Hz, C–F), 134.2 (d, J = 8.4 Hz, CHAr), 119.4 (d, J = 0.9 Hz, CAr), 115.5 (d, J = 22.0 
Hz, CHAr), 93.0 (C≡C–I), 6.2 (C–I); HRMS (EI) calculated for C8H4FI 245.9342, found 
245.9337 [M]+. 
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7.11. Preparation of 5-iodotriazoles 
A. General Procedure for the [CuI(PPh3)3]-catalysed Cycloaddition of Azides and 
Iodoalkynes 
 
In a vial fitted with a screw cap, [CuI(PPh3)3] (5 mg, 1 mol %), 2,6-lutidine (3 μL, 4 mol %) 
azide (0.5 mmol) and iodoalkyne (0.5 mmol) were loaded and stirred at room temperature for 
18 h. Then, an aqueous saturated ammonium chloride solution (10 mL) was added and the 
resulting mixture was stirred vigorously for 3 h. The resulting precipitate was filtered and 
washed with water and pentane. In all examples, the crude products were estimated to be 
greater than 95% pure by 1H NMR. Reported yields are isolated yields and are the average of 
at least two independent experiments. 
B. General Procedure for the [CuCl(IPr)]-catalysed Cycloaddition of Azides and 
Iodoalkynes 
 
In a vial fitted with a screw cap, [CuCl(IPr)] (12 mg, 5 mol %), azide (0.5 mmol) and 
iodoalkyne (0.5 mmol) were loaded were loaded and stirred at room temperature for 24 h. 
Then, an aqueous saturated ammonium chloride solution (10 mL) was added and the resulting 
mixture was stirred vigorously for 3 h. The resulting precipitate was filtered and washed with 
water and pentane. In all examples, the crude products were estimated to be greater than 95% 
pure by 1H NMR. Reported yields are isolated yields and are the average of at least two 
independent experiments. 
1-Benzyl-5-iodo-4-phenyl-1H-[1,2,3]triazole (4.6a) 
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A) Using the general procedure from 0.062 mL of benzyl azide and 0.114 g of 
iodoethynylbenzene, 0.162 g of the title compound were isolated as a light yellow solid 
(90%). 
B) Using the general procedure from 0.062 mL of benzyl azide and 0.114 g of 
iodoethynylbenzene, 0.151 g of the title compound were isolated as a light yellow solid 
(84%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.338,339 
mp 95‒97 °C; νmax (neat)/cm
-1 2945, 1450, 1411, 1279, 1238, 1094, 966, 944, 798, 693; δH 
(400 MHz, CDCl3): 7.99‒7.88 (m, 2H, H
Ar), 7.49‒7.42 (m, 2H, HAr), 7.41‒7.28 (m, 6H, HAr), 
5.68 (s, 2H, CH2); δC (100 MHz, CDCl3): 150.1 (IC=C), 134.3 (C
Ar) 130.1 (CAr), 128.9 
(CHAr), 128.6 (CHAr), 128.5 (CHAr), 128.4 (CHAr), 127.8 (CHAr), 127.4 (CHAr), 76.4 (C–I), 
54.3 (CH2N); m/z (EI) 378 ([(M+NH4)
+], 100), 251 (82), 124 (64), 98 (33), 74 (39). 
5-Iodo-1-(4-methoxybenzyl)-4-phenyl-1H-[1,2,3]triazole (4.6b) 
 
A) Using the general procedure from 0.077 g of 4-methoxybenzyl azide and 0.114 g of 
iodoethynylbenzene, 0.167 g of the title compound were isolated as a light yellow solid 
(86%). 
B) Using the general procedure from 0.077 g of 4-methoxybenzyl azide and 0.114 g of 
iodoethynylbenzene, 0.146 g of the title compound were isolated as a light yellow solid 
(75%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.340 
mp 112‒114 °C; νmax (neat)/cm
-1 2840, 1614, 1512, 1298, 1249, 1228, 1170, 1023, 933, 824, 
780, 692; δH (400 MHz, CDCl3): 7.99‒7.85 (m, 2H, H
Ar), 7.50‒7.34 (m, 3H, HAr), 7.29 (d, 
2H, J = 7.3 Hz, HAr), 6.88 (d, 2H, J = 7.3 Hz, HAr), 5.60 (s, 2H, CH2N), 3.79 (s, 3H, CH3); δC 
(100 MHz, CDCl3): 159.7 (C
Ar), 150.1 (IC=C), 130.2 (CAr), 129.4 (CHAr), 128.52 (CHAr), 
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128.47 (CHAr), 127.4 (CHAr), 126.3 (CAr), 114.3 (CHAr), 76.1 (C-I), 55.3 (CH2N), 53.9 (CH3); 
m/z (ESI) 392 ([(M+H)]+, 100). 
6-(5-Iodo-4-phenyl-[1,2,3]triazol-1-yl)hexan-1-ol (4.6c) 
 
A) Using the general procedure from 0.072 g of 6-azido-hexan-1-ol and 0.114 g of 
iodoethynylbenzene, 0.166 g of the title compound were isolated as a light yellow solid 
(89%). 
B) Using the general procedure from 0.072 g of 6-azido-hexan-1-ol and 0.114 g of 
iodoethynylbenzene, 0.140 g of the title compound were isolated as a light yellow (75%). 
mp 98‒99 °C; νmax (neat)/cm
-1 2932, 1603, 1446, 1452, 1225, 1352, 1155, 1068, 989, 772, 
745, 694; δH (400 MHz, CDCl3): 7.95‒7.90 (m, 2H, H
Ar), 7.45‒7.42 (m, 2H, HAr), 7.41‒7.35 
(m, 1H, HAr), 4.44 (t, 2H, J = 7.2 Hz, CH2N), 3.64 (t, 2H, J = 6.4 Hz, CH2OH), 2.02‒1.86 
(m, 2H, CH2), 1.64‒1.56 (m, 2H, CH2), 1.52‒1.33 (m, 4H, CH2); δC (100 MHz, CDCl3): 
149.7 (IC=C), 132.0 (CAr), 130.3 (CHAr), 128.6 (CHAr), 127.5 (CHAr), 76.3 (C–I), 62.6 
(CH2N), 50.8 (C–OH), 32.5 (CH2), 29.9 (CH2), 26.2 (CH2), 25.2 (CH2); HRMS (ESI) 
calculated for C14H19N3OI 372.0573, found 372.0582 [(M+H)
+]. 
1-Hexyl-5-iodo-4-phenyl-1H-[1,2,3]triazole (4.6d) 
 
A) Using the general procedure from 0.074 g of 1-azido-hexane and 0.114 g of 
iodoethynylbenzene and after 48 h of reaction, 0.108 g of the title compound were isolated as 
a light yellow solid (80%). 
mp 99‒101 °C; νmax (neat)/cm
-1 2929, 2858, 1447, 1161, 1057, 973, 848, 747, 692; δH (400 
MHz, CDCl3): 8.00‒7.88 (m, 2H, H
Ar), 7.51‒7.43 (m, 2H, HAr), 7.95‒7.90 (m, 2H, HAr), 
7.43‒7.35 (m, 1H, HAr), 4.45 (t, 2H, J = 7.4 Hz, CH2N), 2.03‒1.87 (m, 2H, CH2), 1.46‒1.27 
(m, 6H, CH2), 0.89 (t, 3H, J = 4.5 Hz, CH3); δC (100 MHz, CDCl3): 149.6 (IC=C), 132.0 
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(CAr), 130.3 (CHAr), 128.5 (CHAr), 127.5 (CHAr), 76.1 (C–I), 51.0 (CH2N), 31.2 (CH2), 29.9 
(CH2), 26.1 (CH2), 22.4 (CH3), 14.0 (CH3); HRMS (ESI) calculated for C14H19N3I 356.0624, 
found 356.0607 [(M+H)+]. 
5-Iodo-1-phenethyl-4-phenyl-1H-[1,2,3]triazole (4.6e) 
 
A) Using the general procedure from 0.074 g of (2-azidoethyl)benzene and 0.114 g of 
iodoethynylbenzene and after 18 h of reaction, 0.126 g of the title compound were isolated as 
a light yellow solid after washing with pentane (67%). 
mp 155‒157 °C; νmax (neat)/cm
-1 2929, 2858, 1447, 1161, 1057, 973, 848, 751, 692; δH (400 
MHz, CDCl3): 7.97‒7.90 (m, 2H, H
Ar), 7.52‒7.45 (m, 2H, HAr), 7.44‒7.38 (m, 1H, HAr), 
7.36‒7.25 (m, 3H, HAr), 7.24‒7.19 (m, 2H, HAr), 4.71 (t, 2H, J = 7.7 Hz, CH2N), 3.27 (t, 2H, 
J = 7.7 Hz, PhCH2); δC (100 MHz, DMSO-d6): 148.3 (IC=C), 137.1 (C
Ar), 130.6 (CAr), 128.8 
(CHAr), 128.6 (CHAr), 128.4 (CHAr), 128.2 (CHAr), 126.9 (CHAr), 126.7 (CHAr), 81.6 (C–I), 
51.3 (CH2N), 35.5 (PhCH2);  HRMS (ESI) calculated for C16H15N3I requires 376.0311, found 
376.0311 [(M+H)+]. 
5-Iodo-4-phenyl-1-(3-phenylallyl)-1H-[1,2,3]triazole (4.6f) 
 
A) Using the general procedure from 0.074 g of (3-azidopropenyl)-benzene and 0.114 g of 
iodoethynylbenzene, 0.176 g of the title compound were isolated as a light yellow solid 
(91%). 
mp 177‒178 °C; νmax (neat)/cm
-1 2931, 1632, 1446, 1418, 1278, 1243, 1093, 963, 890, 748, 
694; δH (400 MHz, CDCl3): 7.96‒7.90 (m, 2H, H
Ar), 7.50‒7.44 (m, 3H, HAr), 7.42‒7.36 (m, 
2H, HAr), 7.34‒7.27 (m, 3H, HAr), 6.65 (d, 1H, J = 15.8 Hz, PhCH=), 6.41‒6.27 (m, 1H, 
PhCH=CH), 5.26 (dd, 2H, J = 1.4, 11.9 Hz, CH2N); δC (100 MHz, CDCl3):  150.2 (IC=C), 
135.6 (CAr), 135.2 (CHAr), 132.0 (CHAr), 128.7 (CAr), 128.6 (CHAr), 128.5 (CHAr), 128.4 
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(CHAr), 127.7 (CHAr), 127.5 (CH2CH=), 121.7 (PhCH=), 76.1 (C–I), 52.9 (CH2N); HRMS 
(ESI) calculated for C17H15N3I 388.0311, found 388.0304 [(M+H)
+]. 
4-(4-Fluorophenyl)-5-iodo-1-(4-methoxybenzyl)-1H-[1,2,3]triazole (4.6p) 
 
B) Using the general procedure from 0.077 mL of 4-methoxybenzyl azide and 0.123 g of 1-
fluoro-4-iodoethynylbenzene and after 48 h of reaction, 0.139 g of the title compound were 
isolated as a light yellow solid (68%). 
mp 141‒143 °C; νmax (neat)/cm
-1 2840, 1614, 1512, 1298, 1249, 1228, 1170, 1023, 933, 824, 
780, 692; δH (400 MHz, CDCl3): 7.93‒7.87 (m, 2H, H
Ar), 7.32‒7.27 (m, 2H, HAr), 7.19‒7.12 
(m, 2H, HAr), 6.90‒6.87 (m, 2H, HAr), 5.60 (s, 2H, CH2N), 3.80 (s, 3H, CH3); δC (100 MHz, 
CDCl3): 159.7 (C
Ar), 149.4 (IC=C), 129.44 (CHAr), 129.35 (CHAr), 129.3 (CHAr), 126.3 (CAr), 
115.6 (CAr), 115.5 (CHAr), 114.3 (CHAr), 75.9 (C–I), 54.3 (CH2N), 54.0 (CH3); HRMS (ESI) 
calculated for C16H14N3OFI 410.0166, found 410.0149 [(M+H)
+]. 
5-Iodo-1-(4-nitrobenzyl)-4-phenyl-1H-[1,2,3]triazole (4.6q) 
 
B) Using the general procedure from 0.089 g of 4-nitrobenzyl azide and 0.114 g of 
iodoethynylbenzene, 0.163 g of the title compound were isolated as a light yellow solid 
(80%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.340 
mp 158‒159 °C; νmax (neat)/cm
-1 2936, 2841, 1513, 1446, 1340, 1224, 1110, 1050, 860, 840, 
798, 726, 683; δH (400 MHz, CDCl3): 8.25 (d, 2H, J = 7.4 Hz, H
Ar), 7.95 (d, 2H, J = 7.4 Hz, 
HAr), 7.54‒7.37 (m, 5H, HAr), 5.79 (s, 2H, CH2N); δC (100 MHz, DMSO-d6): 149.2 (C
Ar), 
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147.1 (IC=C), 142.8 (CAr), 130.1 (CAr), 128.6 (CHAr), 128.5 (CHAr), 128.4 (CHAr), 126.9 
(CHAr), 124.0 (CHAr), 82.2 (C–I), 52.8 (CH2);  m/z (ESI) 407 ([(M+H)
+], 100), 389 (73), 223 
(16). 
4-Cyclopropyl-5-iodo-1-(4-trifluoromethylbenzyl)-1H-[1,2,3]triazole (4.6r) 
 
B) Using the general procedure from 0.101 g of 1-azidomethyl-4-trifluoromethylbenzene and 
0.096 g of iodoethynylcyclopropane, 0.130 g of the title compound were isolated as a off-
white solid (66% yield).  
mp 153‒154 °C; νmax (neat)/cm
-1 2932, 1617, 1540, 1429, 1311, 1167, 1059, 841, 756, 692; 
δH (400 MHz, CDCl3): 7.61 (d, 2H, J = 8.1 Hz, H
Ar), 7.35 (d, 2H, J = 8.1 Hz, HAr), 5.61 (s, 
2H, CH2N), 1.83‒1.70 (m, 1H, CH
cyclopropyl), 1.09‒1.02 (m, 2H, CH2
cyclopropyl), 1.01‒0.93 (m, 
2H, CH2
cyclopropyl); δC (100 MHz, CDCl3): 153.5 (IC=C), 138.3 (C
Ar), 130.6 (q, J = 32.0 Hz, 
CF3), 130.1 (CH
Ar), 128.0 (CHAr), 125.8 (CHAr), 77.8 (C–I), 53.3 (CH2N), 7.6 (CH
cyclopropyl), 
7.2 (CH2
cyclopropyl); HRMS (ESI) calculated for C13H11N3IF3 394.0028, found 394.0016 
[(M+H)+]. 
(5-Iodo-4-phenyl-[1,2,3]triazol-1-yl)acetic acid benzyl ester (4.6s) 
 
B) Using the general procedure from 0.096 g of azidoacetic acid benzyl ester, 0.114 g of 
iodoethynylbenzene and [CuCl(IPr)] (14.4 mg, 6 mol %), 0.189 g of the title compound were 
isolated as a light yellow solid (90% yield). 
 
mp 154-156 °C; νmax (neat)/cm
-1 2932, 1746, 1453, 1408, 1279, 1238, 1093, 1012, 944, 964, 
743, 693; δH (400 MHz, CDCl3): 7.98‒7.91 (m, 2H, H
Ar), 7.51‒7.44 (m, 2H, HAr), 7.45‒7.40 
(m, 1H, HAr), 7.39‒7.32 (m, 5H, HAr), 5.30 (s, 2H, CH2N), 5.26 (s, 2H, CH2O); δC (100 MHz, 
CDCl3): 165.4 (C=O), 150.1 (NCI=C), 134.5 (C
Ar), 129.9 (CAr), 128.7 (CHAr), 128.6 (CHAr), 
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128.5 (2CHAr), 127.3 (CHAr), 77.9 (C–I), 68.0 (CH2O), 51.5 (CH2N); HRMS (ESI) calculated 
for C17H15N3O2I 420.0217, found 420.0217 [(M+H)
+]. 
7.12. Preparation of TTTA 
t-Butyl azide (5.2) 
 
Concentrated sulfuric acid (55 g, 100 mmol) was added over 15 minutes to water (55 g, 100 
mmol) whilst keeping the temperature below 20 °C. The solution was then cooled to 0 °C and 
sodium azide (7.2 g, 120 mmol) was added over 15 minutes. t-BuOH (9.55 mL) was added 
and the mixture was stirred for 5 minutes then left to stand overnight, followed by 5 further 
minutes of stirring and standing overnight. Two layers had formed and the top layer was 
separated, washed with 2 M NaOH (10 mL) and dried over magnesium sulfate. The product 
was then decanted to give the title compound as a colourless oil (6.44 g, 65.0 mmol, 65%).  
Spectroscopic data for the title compound were consistent with the previously reported 
ones.283,341 
δH (400 MHz, CDCl3): 1.29 (s, 9H, CH3); δC (100 MHz, CDCl3): 59.1 (CCH3), 28.1 (CH3). 
Tris-(1-tert-butyl-1H-[1,2,3]triazol-4-ylmethyl)amine TTTA (5.1)66 
 
A solution of t-butyl azide 5.2 (5.1 g, 51 mmol), triprop-2-ynylamine (1.56 mL, 11 mmol), 
2,6-lutidine (1.27 mL, 11 mmol) and [Cu(NCMe)4]BF4 (0.145 g, 0.44 mmol) in MeCN (17 
mL) was stirred at room temperature for three days. The resulting precipitate was filtered, 
washed with cold MeCN and dried under vacuum to give the title compound as a white solid 
(2.07 g, 5.3 mmol, 48%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.229 
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δH (400 MHz, CDCl3): 7.89 (s, 3H, NCH=), 3.78 (s, 6H, CH2N), 1.69 (s, 9H, CH3); δC (100 
MHz, CDCl3): 143.2 (NCH=C), 121.1 (NCH=), 59.1 (CCH3), 46.9 (CH2), 30.0 (CH3). 
6.13. Preparation of iodotriazoles using CuI/TTTA 
General procedure for the CuI/TTTA-catalysed cycloaddition reaction of azides with 
iodoalkynes 
 
CuI (5 mol %) and TTTA (5 mol %) were added to THF (45 mL) and stirred for 20 min until 
a homogeneous solution was formed. A solution of the required azide (10 mmol) and 
iodoalkyne (10 mmol) in THF (5 mL) was added, and the resulting solution was stirred 
overnight at room temperature. The reaction mixture was then concentrated and stirred 
vigorously with saturated aqueous ammonium chloride solution, for 3 h, then the resulting 
precipitate was filtered and washed with water and pentane. In all examples, the crude 
products were estimated to be greater than 95% pure by 1H NMR. 
5-Iodo-4-phenyl-1-[5-(trimethylsilanyl)-pent-4-ynyl]-1H-[1,2,3]triazole (4.6j) 
 
Using the general procedure from (5-azidopent-1-ynyl)trimethylsilane 2.36h (1.81 g, 10.0 
mmol) and (iodoethynyl)benzene 4.17d (2.28 g, 10.0 mmol), 3.35 g of the title compound 
were isolated as a light yellow solid (82%). 
mp 96‒97 °C; νmax (neat/ cm
-1) 2170, 1475, 1442, 1411, 1326, 1248, 1229, 1041, 836, 757, 
693, 515; δH (400 MHz, CDCl3): 7.98‒7.86 (m, 2H, CH
Ar), 7.49‒7.38 (m, 3H, HAr), 4.56 (t, 
2H, J = 7.2 Hz, CH2N), 2.39 (t, 2H, J = 6.8 Hz, ≡C‒CH2), 2.20 (m, 2H, CH2CH2N), 0.17 (s, 
9H, CH3); δC (100 MHz, DMSO-d6): 148.5 (C
Ar), 130.6 (CHAr), 128.3 (CHAr), 126.9 (CHAr), 
106.1 (Me3SiC≡), 85.3 (Me3SiC≡C), 81.4 (C‒I), 49.2 (CH2N3), 28.1 (≡C‒CH2), 16.4 
(CH2CH2N3); HRMS (ESI) calculated for C16H21N3ISi 410.0550, found 410.0550 [(M+H)
+].  
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1-Benzyl-4-cyclopropyl-5-iodo-1H-[1,2,3]triazole 
 
Using the general procedure from benzyl azide 2.36a (0.62 mL, 5 mmol) and 
iodoethynylcyclopropane 4.17c (0.96 g, 5 mmol), 1.49 g of the title compound were isolated 
as a light yellow solid (93%). 
Spectroscopic data for the title compound were consistent with the previously reported 
one.226 
mp 109‒111 °C. νmax (neat/ cm
-1) 3007, 1544, 1495, 1419, 1359, 1290, 1217, 1146, 1072, 
1032, 815, 784. δH (400 MHz, CDCl3): 7.35‒7.24 (m, 3H, H
Ar), 7.22‒7.18 (m, 2H, HAr), 5.49 
(s, 2H, CH2N3), 1.05‒1.02 (m, 1H, CH), 0.99‒0.95 (m, 4H, CH2); δC (100 MHz, CDCl3): 
153.2 (IC=C), 134.4 (CAr), 128.7 (CHAr), 128.3 (CHAr), 127.7 (CHAr), 77.7 (C-I), 53.9 
(CH2N3), 7.47 (=C-CH), 7.20 (=CHCH2); m/z (ESI) 326 [(M+H)]
+. 
5-Iodo-1-pent-4-enyl-4-phenyl-1H-[1,2,3]triazole (4.6aa) 
 
Using the general procedure from 5-azidopent-1-ene (1.11 g, 10 mmol) and 
iodoethynylbenzene 4.17d (2.28 g, 10 mmol), 2.01 g of the title compound were isolated as a 
light yellow solid (84%). 
mp 89‒90 °C; νmax (neat)/cm
-1 2945, 1736, 1450, 1411, 1279, 1238, 1094, 966, 944, 798; δH 
(400 MHz, CDCl3)  8.02‒7.98 (m, 2H, H
Ar), 7.50‒7.43 (m, 2H, HAr), 7.42‒7.36 (m, 1H, HAr), 
5.93‒5.75 (m, 1H, CH=), 5.19‒5.02 (m, 2H, CH2=), 4.46 (t, 2H, J = 7.2 Hz, CH2N3), 
2.26‒2.13 (m, 2H, CH2), 2.12‒2.00 (m, 2H, CH2); δC (100 MHz, CDCl3): 149.6 (IC=C), 
136.4 (CAr), 130.2 (CHAr), 128.4 (CHAr), 127.4 (2C), 116.1 (CH=), 76.4 (C-I), 50.2 (CH2N3), 
30.4 (CH2), 28.8 (CH2); HRMS (ESI) calculated for C13H15N3I requires 340.0311, found 
340.0310 [(M+H)+]. 
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1-But-3-enyl-5-iodo-4-phenyl-1H-[1,2,3]triazole (4.6ab) 
 
Using the general procedure from 4-azidobut-1-ene (0.29 g, 3 mmol) and iodoethynylbenzene 
4.17d (0.68 g, 3 mmol), 0.74 g of the title compound were isolated as a light yellow solid 
(76%). 
mp 81‒83 °C; νmax (neat)/cm
-1 2840, 1721, 1614, 1512, 1298, 1249, 1228, 1170, 1023, 933, 
824, 780; δH (400 MHz, CDCl3): 7.96‒7.89 (m, 2H, H
Ar), 7.51‒7.44 (m, 2H, HAr), 7.42‒7.37 
(m, 1H, HAr), 5.91‒5.74 (m, 1H, CH=), 5.21‒5.08 (m, 2H, CH2=), 4.52 (t, 2H, J = 7.2 Hz, 
CH2N3), 2.78‒2.72 (m, 2H, CH2); δC (100 MHz, CDCl3): 149.8 (IC=C), 132.9 (C
Ar), 130.3 
(CHAr), 128.6 (CHAr), 127.5 (2C), 118.5 (CH=), 76.3 (C-I), 50.2 (CH2N3), 34.2 (CH2CH2N3); 
HRMS (ESI) calculated for C12H13N3I 326.0154, found 326.0156 [(M+H)
+]. 
7.13. Preparation of 1,4,5-trisubstituted triazoles 
General procedure for the [CuBr(PPh3)3]-catalysed arylation of 1,4-disubstituted 
triazoles 
 
In a vial fitted with a screw cap, 1,4-disubsituted triazole (0.5 mmol), aryl iodide (0.75 
mmol), t-BuOLi (1.25 mmol), [CuI(PPh3)3] (25 mg, 5 mol %) and DMF (0.5 mL) were 
introduced. After stirring for 18 h at 140 °C, the reaction mixture was cooled to room 
temperature and extracted with ethyl acetate. The organic phases were washed with saturated 
ammonium chloride solution, water, brine, then dried over MgSO4, filtered and concentrated 
under reduced pressure. The resulting crude residue was purified by silica gel column 
chromatography. Reported yields are isolated yields and are the average of at least two 
independent experiments. 
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1-Benzyl-5-(4-methoxyphenyl)-4-phenyl-1H-[1,2,3]triazole (5.14a) 
 
Using the general procedure from 0.118 g of 1-benzyl-4-phenyl-1H-[1,2,3]triazole 2.40a and 
0.178 g of 4-iodoanisole and after 18 h of reaction, 0.088 g of the title compound were 
isolated as a light yellow solid after column chromatography (2:1 hexanes/ethyl acetate, Rf = 
0.51) (52%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.237,295 
mp 104‒106 °C; δH (400 MHz, CDCl3): 7.61–7.55 (m, 2H, H
Ar), 7.30–7.23 (m, 6H, HAr), 
7.03–7.09 (m, 6H, HAr), 6.95 (d, 2H, J = 7.6 Hz, HAr), 5.40 (s, 2H, CH2), 3.89 (s, 3H, CH3); 
δC (100 MHz, CDCl3):  160.5 (C
Ar), 144.4 (NC=C-Ph), 135.5 (CAr), 133.7 (CAr), 131.7 
(CHAr), 131.1 (CAr), 128.6 (CHAr), 128.4 (CHAr), 128.1 (CHAr), 127.5 (CHAr), 127.4 (CHAr), 
126.6 (CHAr), 119.6 (NC-p-anisyl), 114.6 (CHAr), 55.3 (CH3), 51.8 (CH2); m/z (ESI) 341 
([(M+H)+], 6), 235 (19), 222 (44), 206 (66), 116 (94), 91 (100). 
1-Benzyl-4,5-diphenyl-1H-[1,2,3]triazole (5.14b) 
 
Using the general procedure from 0.118 g of 1-benzyl-4-phenyl-1H-[1,2,3]triazole 2.40a and 
0.084 mL of iodobenzene, 0.087 g of the title compound were isolated as a light yellow solid 
after column chromatography (2:1 hexanes/ethyl acetate + 1% MeOH, Rf = 0.48) (56%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.182 
mp 107‒109 °C; δH (400 MHz, CDCl3): 7.59‒7.52 (m, 2H, H
Ar), 7.51‒7.44 (m, 1H, HAr), 
7.43‒7.38 (m, 3H, HAr), 7.32‒7.18 (m, 5H, HAr), 7.16‒7.12 (m, 2H, HAr), 7.06‒6.99 (m, 2H, 
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HAr), 5.52 (s, 2H, CH2); δC (100 MHz, CDCl3): 144.3 (NC=C‒Ph), 135.2 (C
Ar), 133.7  (CAr), 
130.8  (C5), 129.9 (CHAr), 129.5 (CHAr), 129.0 (CHAr), 128.5 (CHAr), 128.3 (CHAr), 128.0 
(CHAr), 127.7 (NC=C‒Ph), 127.5 (CHAr), 127.3 (CHAr), 126.5 (CHAr), 51.9 (CH2); m/z (ESI) 
311 ([(M+H)+], 35), 234 (40) 192 (100), 165 (27), 115 (23). 
1-Benzyl-5-naphthalen-1-yl-4-phenyl-1H-[1,2,3]triazole (5.14c) 
 
Using the general procedure from 0.118 g of 1-benzyl-4-phenyl-1H-[1,2,3]triazole 2.40a and 
0.191 mL of 1-iodonaphthalene, 0.139 g of the title compound were isolated as a light yellow 
solid after column chromatography (9:1 hexanes/ethyl acetate + 1% MeOH, Rf = 0.28) (38%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.303 
mp 125‒127 °C; νmax (neat)/cm
-1 1606, 1518, 1487, 1441, 1237, 1150, 1031, 836, 795; δH 
(400 MHz, CDCl3): 8.02 (d, 1H, J = 8.3 Hz, H
Ar), 7.93 (d, 1H, J = 8.3 Hz, HAr), 7.53‒7.45 
(m, 4H, HAr), 7.33‒7.27 (m, 1H, HAr), 7.23‒7.17 (m, 2H, HAr), 7.16‒7.13 (m, 3H, HAr),  
7.12‒7.04 (m, 3H, HAr),  7.00‒7.98 (m, 2H, HAr), 5.39 (d, 2H, J = 14.9 Hz, PhCHH), 5.11 (d, 
2H, J = 14.9 Hz, PhCHH); δC (100 MHz, CDCl3): 145.4 (NC=C‒Ph), 133.7 (C
Ar), 131.8 
(CAr), 130.8 (CAr), 130.4 (CAr), 129.1 (CAr), 128.5 (CHAr), 128.4 (2 x CHAr), 128.0 (CHAr), 
127.8 (CHAr), 127.7 (CHAr), 127.6 (CHAr), 127.3 (CHAr), 122.6 (CHAr), 126.1 (CHAr), 125.4 
(CHAr), 125.2 (CHAr), 124.6 (CHAr), 52.4 (CH2); m/z (ESI) 361 ([(M+H)
+], 100), 243 (10), 
224 (20), 201 (10), 194 (9). 
1-Benzyl-4-phenyl-5-p-tolyl-1H-[1,2,3]triazole (5.14d) 
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Using the general procedure from 0.118 g of 1-benzyl-4-phenyl-1H-[1,2,3]triazole 2.40a and 
0.164 g of 4-iodotoluene, 0.057 g of the title compound were isolated as a light yellow solid 
after column chromatography (98:2 DCM/MeOH, Rf = 0.20) (18%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.295 
mp 120‒122 °C; νmax (neat)/cm
-1 2919, 1612, 1515, 1497, 1444, 1363, 1242, 1121, 1018, 834, 
748, 692; δH (400 MHz, CDCl3): 7.59‒7.51 (m, 2H, H
Ar), 7.29‒7.17 (m, 8H, HAr), 7.10‒7.01 
(m, 4H, HAr), 5.40 (s, 2H, CH2), 2.43 (s, 3H, CH3); δC (100 MHz, CDCl3): 144.3 (NC=C‒Ph), 
139.7 (CAr), 135.4 (CAr), 133.9 (CAr), 131.0 (CAr), 129.9 (CHAr), 129.8 (CHAr), 128.6 (CHAr), 
128.3 (CHAr), 128.0 (CHAr), 127.5 (CHAr), 127.4 (CHAr), 124.6 (NC-p-tolyl), 51.8 (CH2), 
21.4 (CH3); HRMS (ESI) calculated for C22H20N3 326.1657, found 326.1661 [(M+H)
+]. 
1-Benzyl-5-(4-chlorophenyl)-4-phenyl-1H-[1,2,3]triazole (5.14e) 
 
Using the general procedure from 0.118 g of 1-benzyl-4-phenyl-1H-[1,2,3]triazole 2.40a and 
0.179 g of 1-chloro-4-iodobenzene, 0.091 g of the title compound were isolated as a light 
yellow solid after column chromatography (4:1 pentane/ethyl acetate + 1% MeOH, Rf = 0.17) 
(26%). 
Spectroscopic data for the title compound were consistent with the previously reported 
ones.237,314 
mp 105‒107 °C; νmax (neat)/cm
-1 2943, 1612, 1505, 1474, 1313, 1242, 1089, 849, 733, 698; 
δH (400 MHz, CDCl3): 7.57‒7.47 (m, 2H, H
Ar), 7.39 (d, 2H, J = 8.5 Hz, HAr), 7.30‒7.21 (m, 
6H, HAr), 7.08‒6.99 (m, 4H, HAr), 5.41 (s, 2H, CH2); δC (100 MHz, CDCl3): 144.8 (C
Ar), 
136.0 (CAr), 135.2 (CAr), 132.6 (CAr), 131.4 (CHAr), 130.6 (CAr), 129.5 (CHAr), 128.8 (CHAr), 
128.5 (CHAr), 128.3 (CHAr), 127.9 (CHAr), 127.4 (CHAr), 126.7 (CHAr), 126.3 (CAr), 52.1 
(CH2); HRMS (ESI) calculated for C21H17N3Cl 346.111, found 346.1118 [(M+H)
+]. 
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6-(4-Phenyl-5-p-tolyl-[1,2,3]triazol-1-yl)hexanenitrile (5.14f) 
 
Using the general procedure from 0.126 g of  6-(4-phenyl-[1,2,3]triazol-1-yl)hexanenitrile 
2.40w and of 0.164 g 4-iodotoluene, 0.077 g of the title compound were isolated as a light 
yellow solid after column chromatography (1:1 pentane/ethyl acetate + 1% MeOH, Rf = 0.57) 
(23%). 
mp 71‒73 °C; νmax (neat)/cm
-1 2936, 1610, 1518, 1468, 1358, 1185, 1021, 830, 778, 698; δH 
(400 MHz, CDCl3): 7.57‒7.47 (m, 2H, H
Ar), 7.33 (d, 2H, J = 7.8 Hz, HAr), 7.26 (m, 1H, HAr), 
7.21 (d, 2H, J = 7.8 Hz, HAr), 4.21 (t, 2H, J = 7.1 Hz, CH2N), 2.47 (s, 3H, CH3), 2.28 (t, 2H, 
J = 7.0 Hz, CH2CN), 1.88‒1.78 (m, 2H, CH2), 1.67‒1.54 (m, 4H, CH2), 1.47‒1.33 (m, 2H, 
CH2); δC (100 MHz, CDCl3):  144.1 (NC=C‒Ph), 139.9 (C
Ar), 133.7 (CAr), 131.0 (CAr), 130.2 
(CHAr), 129.7 (CHAr), 128.4 (CHAr), 127.6 (CHAr), 126.7 (CHAr), 124.8 (NC-p-tolyl), 119.3 
(C≡N), 47.5 (CH2N), 29.1 (CH2CN), 25.4 (CH2), 24.7 (CH2), 21.4 (CH2), 16.9 (CH3); HRMS 
(ESI) calculated for C21H23N4 331.1923, found 331.1910 [(M+H)
+].  
2-(1-Benzyl-5-p-tolyl-1H-[1,2,3]triazol-4-yl)pyridine (5.14g) 
 
Using the general procedure from 0.116 g of 2-(1-benzyl-1H-[1,2,3]triazol-4-yl)pyridine 
2.40n and 0.164 g of 4-iodotoluene, 0.137 g of the title compound were isolated as a light 
yellow solid after column chromatography (2:1 hexanes/ethyl acetate, Rf = 0.46) (84%). 
mp 116‒118 °C; δH (400 MHz, CDCl3): 8.50‒8.42 (m, 1H, H
Ar), 7.72‒7.66 (m, 1H, HAr), 
7.62‒7.55 (m, 1H, HAr), 7.27‒7.14 (m, 5H, HAr), 7.13‒7.00 (m, 5H, HAr), 5.43 (s, 2H, CH2), 
2.40 (s, 3H, CH3); δC (100 MHz, CDCl3):  150.6 (C
Ar), 149.4 (CAr), 144.2 (CAr), 139.4 (CAr), 
136.1 (CHAr), 135.8 (CAr), 135.3 (CHAr), 129.8 (CHAr), 129.3 (CHAr), 128.5 (CHAr), 127.9 
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(CHAr), 127.3 (CHAr), 124.3 (CAr), 122.1 (CHAr), 121.5 (CHAr), 51.7 (CH2), 21.3 (CH3); 
HRMS (ESI) calculated for C21H19N4 327.1610, found 327.1621 [(M+H)
+]. 
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8.1. Crystal data and structure refinement for 2.23. 
 
 
 
Formula C72 H60 Br4 Cu4 O4 P4 
Formula weight 1686.88 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 17.3739(4) Å α = 90° 
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 b = 20.9402(4) Å β = 97.8271(17)° 
 c = 19.1287(3) Å γ = 90° 
Volume, Z 6894.4(2) Å3, 4 
Density (calculated) 1.625 Mg/m3 
Absorption coefficient 3.676 mm-1 
F(000) 3360 
Crystal colour / morphology Colourless blocks 
Crystal size 0.50 x 0.20 x 0.15 mm3 
θ range for data collection 3.02 to 31.83° 
Index ranges -24<=h<=22, -26<=k<=30, -25<=l<=27 
Reflns collected / unique 41047 / 20383 [R(int) = 0.0249] 
 12150 
Absorption correction Analytical 
Max. and min. transmission 0.649 and 0.403 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 20383 / 682 / 803 
Goodness-of-fit on F2 0.868 
 R1 = 0.0311, wR2 = 0.0520 
R indices (all data) R1 = 0.0770, wR2 = 0.0559 
Largest diff. peak, hole 0.636, -0.637 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
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Bond lengths [Å] and angles [°] for 2.23. 
 
Cu(1)-P(1') 2.176(3) 
Cu(1)-P(1) 2.1934(7) 
Cu(1)-Br(1) 2.5043(3) 
Cu(1)-Br(2) 2.5159(3) 
Cu(1)-Br(3) 2.5822(4) 
Cu(2)-P(2) 2.1866(6) 
Cu(2)-Br(2) 2.4926(3) 
Cu(2)-Br(1) 2.5051(3) 
Cu(2)-Br(4) 2.5692(4) 
Cu(3)-P(3) 2.1829(6) 
Cu(3)-Br(2) 2.4773(4) 
Cu(3)-Br(3) 2.5483(3) 
Cu(3)-Br(4) 2.5745(3) 
Cu(4)-P(4) 2.1818(6) 
Cu(4)-Br(3) 2.5265(3) 
Cu(4)-Br(1) 2.5289(3) 
Cu(4)-Br(4) 2.5439(3) 
P(1)-O(1) 1.646(2) 
P(1)-C(8) 1.812(2) 
P(1)-C(14) 1.8123(18) 
P(1')-O(1') 1.647(7) 
P(1')-C(8') 1.801(8) 
P(1')-C(14') 1.823(7) 
P(2)-O(20) 1.6493(15) 
P(2)-C(33) 1.811(2) 
P(2)-C(27) 1.819(2) 
P(3)-O(39) 1.6406(13) 
P(3)-C(46) 1.807(2) 
P(3)-C(52) 1.811(2) 
P(4)-O(58) 1.6485(14) 
P(4)-C(71') 1.794(10) 
P(4)-C(71) 1.8157(19) 
P(4)-C(65) 1.828(2) 
O(1)-C(2) 1.382(2) 
C(2)-C(3) 1.3900 
C(2)-C(7) 1.3900 
C(3)-C(4) 1.3900 
C(4)-C(5) 1.3900 
C(5)-C(6) 1.3900 
C(6)-C(7) 1.3900 
C(8)-C(9) 1.3900 
C(8)-C(13) 1.3900 
C(9)-C(10) 1.3900 
C(10)-C(11) 1.3900 
C(11)-C(12) 1.3900 
C(12)-C(13) 1.3900 
C(14)-C(15) 1.3900 
C(14)-C(19) 1.3900 
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C(15)-C(16) 1.3900 
C(16)-C(17) 1.3900 
C(17)-C(18) 1.3900 
C(18)-C(19) 1.3900 
O(1')-C(2') 1.386(8) 
C(2')-C(3') 1.3900 
C(2')-C(7') 1.3900 
C(3')-C(4') 1.3900 
C(4')-C(5') 1.3900 
C(5')-C(6') 1.3900 
C(6')-C(7') 1.3900 
C(8')-C(9') 1.3900 
C(8')-C(13') 1.3900 
C(9')-C(10') 1.3900 
C(10')-C(11') 1.3900 
C(11')-C(12') 1.3900 
C(12')-C(13') 1.3900 
C(14')-C(15') 1.3900 
C(14')-C(19') 1.3900 
C(15')-C(16') 1.3900 
C(16')-C(17') 1.3900 
C(17')-C(18') 1.3900 
C(18')-C(19') 1.3900 
O(20)-C(21) 1.386(2) 
C(21)-C(22) 1.373(3) 
C(21)-C(26) 1.379(3) 
C(22)-C(23) 1.391(3) 
C(23)-C(24) 1.375(3) 
C(24)-C(25) 1.372(3) 
C(25)-C(26) 1.375(3) 
C(27)-C(32) 1.377(3) 
C(27)-C(28) 1.387(3) 
C(28)-C(29) 1.380(3) 
C(29)-C(30) 1.369(3) 
C(30)-C(31) 1.377(3) 
C(31)-C(32) 1.379(3) 
C(33)-C(38) 1.383(3) 
C(33)-C(34) 1.388(3) 
C(34)-C(35) 1.389(3) 
C(35)-C(36) 1.368(3) 
C(36)-C(37) 1.377(3) 
C(37)-C(38) 1.388(3) 
O(39)-C(40) 1.397(2) 
C(40)-C(41) 1.375(3) 
C(40)-C(45) 1.383(3) 
C(41)-C(42) 1.390(3) 
C(42)-C(43) 1.366(3) 
C(43)-C(44) 1.381(3) 
C(44)-C(45) 1.382(3) 
C(46)-C(47) 1.385(3) 
C(46)-C(51) 1.389(3) 
C(47)-C(48) 1.376(3) 
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C(48)-C(49) 1.380(3) 
C(49)-C(50) 1.374(3) 
C(50)-C(51) 1.379(3) 
C(52)-C(57) 1.387(3) 
C(52)-C(53) 1.389(3) 
C(53)-C(54) 1.376(3) 
C(54)-C(55) 1.382(3) 
C(55)-C(56) 1.371(3) 
C(56)-C(57) 1.378(3) 
O(58)-C(59) 1.386(3) 
C(59)-C(64) 1.374(3) 
C(59)-C(60) 1.375(3) 
C(60)-C(61) 1.388(3) 
C(61)-C(62) 1.372(3) 
C(62)-C(63) 1.366(4) 
C(63)-C(64) 1.369(3) 
C(65)-C(70) 1.380(3) 
C(65)-C(66) 1.389(3) 
C(66)-C(67) 1.381(3) 
C(67)-C(68) 1.381(3) 
C(68)-C(69) 1.370(3) 
C(69)-C(70) 1.377(3) 
C(71)-C(72) 1.3900 
C(71)-C(76) 1.3900 
C(72)-C(73) 1.3900 
C(73)-C(74) 1.3900 
C(74)-C(75) 1.3900 
C(75)-C(76) 1.3900 
C(71')-C(72') 1.3900 
C(71')-C(76') 1.3900 
C(72')-C(73') 1.3900 
C(73')-C(74') 1.3900 
C(74')-C(75') 1.3900 
C(75')-C(76') 1.3900 
 
P(1')-Cu(1)-P(1) 20.45(8) 
P(1')-Cu(1)-Br(1) 113.02(9) 
P(1)-Cu(1)-Br(1) 128.23(2) 
P(1')-Cu(1)-Br(2) 127.76(10) 
P(1)-Cu(1)-Br(2) 107.48(3) 
Br(1)-Cu(1)-Br(2) 105.224(11) 
P(1')-Cu(1)-Br(3) 111.46(8) 
P(1)-Cu(1)-Br(3) 118.63(2) 
Br(1)-Cu(1)-Br(3) 93.256(10) 
Br(2)-Cu(1)-Br(3) 100.097(12) 
P(2)-Cu(2)-Br(2) 112.382(18) 
P(2)-Cu(2)-Br(1) 120.255(19) 
Br(2)-Cu(2)-Br(1) 105.903(12) 
P(2)-Cu(2)-Br(4) 120.576(19) 
Br(2)-Cu(2)-Br(4) 96.423(11) 
Br(1)-Cu(2)-Br(4) 97.760(11) 
P(3)-Cu(3)-Br(2) 121.932(18) 
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P(3)-Cu(3)-Br(3) 113.448(19) 
Br(2)-Cu(3)-Br(3) 102.092(12) 
P(3)-Cu(3)-Br(4) 117.232(19) 
Br(2)-Cu(3)-Br(4) 96.669(11) 
Br(3)-Cu(3)-Br(4) 102.339(10) 
P(4)-Cu(4)-Br(3) 117.62(2) 
P(4)-Cu(4)-Br(1) 124.409(19) 
Br(3)-Cu(4)-Br(1) 94.020(11) 
P(4)-Cu(4)-Br(4) 115.06(2) 
Br(3)-Cu(4)-Br(4) 103.824(11) 
Br(1)-Cu(4)-Br(4) 97.803(11) 
Cu(1)-Br(1)-Cu(2) 74.422(10) 
Cu(1)-Br(1)-Cu(4) 84.418(10) 
Cu(2)-Br(1)-Cu(4) 81.815(11) 
Cu(3)-Br(2)-Cu(2) 82.314(11) 
Cu(3)-Br(2)-Cu(1) 79.241(11) 
Cu(2)-Br(2)-Cu(1) 74.437(10) 
Cu(4)-Br(3)-Cu(3) 77.189(10) 
Cu(4)-Br(3)-Cu(1) 82.886(10) 
Cu(3)-Br(3)-Cu(1) 76.724(10) 
Cu(4)-Br(4)-Cu(2) 80.288(11) 
Cu(4)-Br(4)-Cu(3) 76.410(10) 
Cu(2)-Br(4)-Cu(3) 78.972(10) 
O(1)-P(1)-C(8) 102.29(11) 
O(1)-P(1)-C(14) 99.23(11) 
C(8)-P(1)-C(14) 103.52(10) 
O(1)-P(1)-Cu(1) 118.73(7) 
C(8)-P(1)-Cu(1) 115.76(9) 
C(14)-P(1)-Cu(1) 114.85(8) 
O(1')-P(1')-C(8') 102.3(4) 
O(1')-P(1')-C(14') 98.7(4) 
C(8')-P(1')-C(14') 106.2(4) 
O(1')-P(1')-Cu(1) 118.3(3) 
C(8')-P(1')-Cu(1) 116.6(4) 
C(14')-P(1')-Cu(1) 112.6(3) 
O(20)-P(2)-C(33) 102.35(9) 
O(20)-P(2)-C(27) 96.11(8) 
C(33)-P(2)-C(27) 105.53(9) 
O(20)-P(2)-Cu(2) 120.88(6) 
C(33)-P(2)-Cu(2) 115.52(7) 
C(27)-P(2)-Cu(2) 113.79(7) 
O(39)-P(3)-C(46) 96.99(8) 
O(39)-P(3)-C(52) 102.65(8) 
C(46)-P(3)-C(52) 103.10(9) 
O(39)-P(3)-Cu(3) 119.17(6) 
C(46)-P(3)-Cu(3) 115.73(6) 
C(52)-P(3)-Cu(3) 116.25(7) 
O(58)-P(4)-C(71') 103.5(5) 
O(58)-P(4)-C(71) 103.08(11) 
O(58)-P(4)-C(65) 94.15(9) 
C(71')-P(4)-C(65) 99.4(5) 
C(71)-P(4)-C(65) 106.57(15) 
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O(58)-P(4)-Cu(4) 117.20(6) 
C(71')-P(4)-Cu(4) 121.1(5) 
C(71)-P(4)-Cu(4) 116.03(12) 
C(65)-P(4)-Cu(4) 116.88(7) 
C(2)-O(1)-P(1) 121.69(18) 
O(1)-C(2)-C(3) 114.7(2) 
O(1)-C(2)-C(7) 125.3(2) 
C(3)-C(2)-C(7) 120.0 
C(2)-C(3)-C(4) 120.0 
C(3)-C(4)-C(5) 120.0 
C(4)-C(5)-C(6) 120.0 
C(7)-C(6)-C(5) 120.0 
C(6)-C(7)-C(2) 120.0 
C(9)-C(8)-C(13) 120.0 
C(9)-C(8)-P(1) 121.08(16) 
C(13)-C(8)-P(1) 118.89(16) 
C(10)-C(9)-C(8) 120.0 
C(11)-C(10)-C(9) 120.0 
C(10)-C(11)-C(12) 120.0 
C(13)-C(12)-C(11) 120.0 
C(12)-C(13)-C(8) 120.0 
C(15)-C(14)-C(19) 120.0 
C(15)-C(14)-P(1) 122.87(13) 
C(19)-C(14)-P(1) 117.03(13) 
C(14)-C(15)-C(16) 120.0 
C(15)-C(16)-C(17) 120.0 
C(18)-C(17)-C(16) 120.0 
C(17)-C(18)-C(19) 120.0 
C(18)-C(19)-C(14) 120.0 
C(2')-O(1')-P(1') 120.3(5) 
O(1')-C(2')-C(3') 119.5(5) 
O(1')-C(2')-C(7') 120.4(5) 
C(3')-C(2')-C(7') 120.0 
C(2')-C(3')-C(4') 120.0 
C(5')-C(4')-C(3') 120.0 
C(4')-C(5')-C(6') 120.0 
C(7')-C(6')-C(5') 120.0 
C(6')-C(7')-C(2') 120.0 
C(9')-C(8')-C(13') 120.0 
C(9')-C(8')-P(1') 121.7(5) 
C(13')-C(8')-P(1') 118.3(5) 
C(8')-C(9')-C(10') 120.0 
C(9')-C(10')-C(11') 120.0 
C(12')-C(11')-C(10') 120.0 
C(11')-C(12')-C(13') 120.0 
C(12')-C(13')-C(8') 120.0 
C(15')-C(14')-C(19') 120.0 
C(15')-C(14')-P(1') 122.1(6) 
C(19')-C(14')-P(1') 117.9(6) 
C(14')-C(15')-C(16') 120.0 
C(17')-C(16')-C(15') 120.0 
C(18')-C(17')-C(16') 120.0 
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C(19')-C(18')-C(17') 120.0 
C(18')-C(19')-C(14') 120.0 
C(21)-O(20)-P(2) 124.66(14) 
C(22)-C(21)-C(26) 120.8(2) 
C(22)-C(21)-O(20) 123.8(2) 
C(26)-C(21)-O(20) 115.4(2) 
C(21)-C(22)-C(23) 119.2(2) 
C(24)-C(23)-C(22) 120.1(2) 
C(25)-C(24)-C(23) 119.9(2) 
C(24)-C(25)-C(26) 120.6(2) 
C(25)-C(26)-C(21) 119.4(2) 
C(32)-C(27)-C(28) 119.45(19) 
C(32)-C(27)-P(2) 122.68(16) 
C(28)-C(27)-P(2) 117.81(16) 
C(29)-C(28)-C(27) 120.1(2) 
C(30)-C(29)-C(28) 120.2(2) 
C(29)-C(30)-C(31) 119.9(2) 
C(30)-C(31)-C(32) 120.3(2) 
C(27)-C(32)-C(31) 120.0(2) 
C(38)-C(33)-C(34) 119.27(19) 
C(38)-C(33)-P(2) 123.83(17) 
C(34)-C(33)-P(2) 116.88(16) 
C(33)-C(34)-C(35) 120.1(2) 
C(36)-C(35)-C(34) 120.2(2) 
C(35)-C(36)-C(37) 120.3(2) 
C(36)-C(37)-C(38) 119.9(2) 
C(33)-C(38)-C(37) 120.3(2) 
C(40)-O(39)-P(3) 123.68(13) 
C(41)-C(40)-C(45) 121.3(2) 
C(41)-C(40)-O(39) 122.81(19) 
C(45)-C(40)-O(39) 115.8(2) 
C(40)-C(41)-C(42) 118.7(2) 
C(43)-C(42)-C(41) 120.6(2) 
C(42)-C(43)-C(44) 120.1(2) 
C(43)-C(44)-C(45) 120.2(2) 
C(44)-C(45)-C(40) 119.0(2) 
C(47)-C(46)-C(51) 118.8(2) 
C(47)-C(46)-P(3) 120.00(16) 
C(51)-C(46)-P(3) 121.02(15) 
C(48)-C(47)-C(46) 120.6(2) 
C(47)-C(48)-C(49) 119.8(2) 
C(50)-C(49)-C(48) 120.3(2) 
C(49)-C(50)-C(51) 119.7(2) 
C(50)-C(51)-C(46) 120.61(19) 
C(57)-C(52)-C(53) 119.2(2) 
C(57)-C(52)-P(3) 123.16(17) 
C(53)-C(52)-P(3) 117.66(15) 
C(54)-C(53)-C(52) 120.49(19) 
C(53)-C(54)-C(55) 119.9(2) 
C(56)-C(55)-C(54) 119.8(2) 
C(55)-C(56)-C(57) 120.8(2) 
C(56)-C(57)-C(52) 119.8(2) 
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C(59)-O(58)-P(4) 123.88(14) 
C(64)-C(59)-C(60) 121.0(2) 
C(64)-C(59)-O(58) 115.8(2) 
C(60)-C(59)-O(58) 123.1(2) 
C(59)-C(60)-C(61) 118.8(2) 
C(62)-C(61)-C(60) 120.0(3) 
C(63)-C(62)-C(61) 120.4(3) 
C(62)-C(63)-C(64) 120.2(3) 
C(63)-C(64)-C(59) 119.6(3) 
C(70)-C(65)-C(66) 119.0(2) 
C(70)-C(65)-P(4) 124.07(19) 
C(66)-C(65)-P(4) 116.86(18) 
C(67)-C(66)-C(65) 120.2(2) 
C(66)-C(67)-C(68) 119.8(3) 
C(69)-C(68)-C(67) 120.1(3) 
C(68)-C(69)-C(70) 120.1(2) 
C(69)-C(70)-C(65) 120.6(3) 
C(72)-C(71)-C(76) 120.0 
C(72)-C(71)-P(4) 118.61(14) 
C(76)-C(71)-P(4) 121.33(14) 
C(73)-C(72)-C(71) 120.0 
C(72)-C(73)-C(74) 120.0 
C(73)-C(74)-C(75) 120.0 
C(76)-C(75)-C(74) 120.0 
C(75)-C(76)-C(71) 120.0 
C(72')-C(71')-C(76') 120.0 
C(72')-C(71')-P(4) 119.3(7) 
C(76')-C(71')-P(4) 120.6(7) 
C(73')-C(72')-C(71') 120.0 
C(74')-C(73')-C(72') 120.0 
C(75')-C(74')-C(73') 120.0 
C(74')-C(75')-C(76') 120.0 
C(75')-C(76')-C(71') 120.0 
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8.2. Crystal data and structure refinement for 2.24. 
 
 
 
Formula C76 H68 Br4 Cu4 O8 P4 
Formula weight 1806.98 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/n 
Unit cell dimensions a = 12.9911(3) Å α = 90° 
 b = 20.6763(6) Å β = 95.656(3)° 
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 c = 27.3890(11) Å γ = 90° 
Volume, Z 7321.1(4) Å3, 4 
Density (calculated) 1.639 Mg/m3 
Absorption coefficient 3.471 mm-1 
F(000) 3616 
Crystal colour / morphology Colourless blocks 
Crystal size 0.31 x 0.19 x 0.11 mm3 
θ range for data collection 3.01 to 29.69° 
Index ranges -15<=h<=17, -26<=k<=27, -28<=l<=37 
Reflns collected / unique 60876 / 17754 [R(int) = 0.0448] 
 12872 
Absorption correction Analytical 
Max. and min. transmission 0.728 and 0.460 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17754 / 0 / 869 
Goodness-of-fit on F2 1.056 
 R1 = 0.0429, wR2 = 0.0809 
R indices (all data) R1 = 0.0726, wR2 = 0.0882 
Largest diff. peak, hole 0.745, -0.705 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
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Bond lengths [Å] and angles [°] for 2.24. 
 
Cu(1)-P(1) 2.1745(10) 
Cu(1)-Br(2) 2.4572(5) 
Cu(1)-Br(3) 2.5371(5) 
Cu(1)-Br(1) 2.5709(6) 
Cu(2)-P(2) 2.1848(10) 
Cu(2)-Br(1) 2.4873(5) 
Cu(2)-Br(4) 2.5302(5) 
Cu(2)-Br(2) 2.6096(6) 
Cu(3)-P(3) 2.1859(9) 
Cu(3)-Br(4) 2.4723(6) 
Cu(3)-Br(3) 2.5439(5) 
Cu(3)-Br(2) 2.6070(5) 
Cu(4)-P(4) 2.1758(10) 
Cu(4)-Br(1) 2.4686(5) 
Cu(4)-Br(4) 2.5588(5) 
Cu(4)-Br(3) 2.5644(6) 
P(1)-O(1) 1.634(2) 
P(1)-C(16) 1.813(3) 
P(1)-C(10) 1.821(3) 
P(2)-O(22) 1.642(2) 
P(2)-C(31) 1.816(3) 
P(2)-C(37) 1.823(4) 
P(3)-O(43) 1.641(2) 
P(3)-C(52) 1.810(4) 
P(3)-C(58) 1.814(3) 
P(4)-O(64) 1.642(3) 
P(4)-C(73) 1.817(4) 
P(4)-C(79) 1.820(4) 
O(1)-C(2) 1.391(4) 
C(2)-C(7) 1.374(4) 
C(2)-C(3) 1.397(5) 
C(3)-O(8) 1.366(4) 
C(3)-C(4) 1.390(5) 
C(4)-C(5) 1.385(5) 
C(5)-C(6) 1.367(5) 
C(6)-C(7) 1.388(5) 
O(8)-C(9) 1.429(4) 
C(10)-C(11) 1.383(5) 
C(10)-C(15) 1.388(5) 
C(11)-C(12) 1.389(5) 
C(12)-C(13) 1.378(6) 
C(13)-C(14) 1.370(7) 
C(14)-C(15) 1.384(6) 
C(16)-C(17) 1.387(5) 
C(16)-C(21) 1.389(5) 
C(17)-C(18) 1.387(5) 
C(18)-C(19) 1.375(5) 
C(19)-C(20) 1.378(5) 
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C(20)-C(21) 1.384(5) 
O(22)-C(23) 1.388(4) 
C(23)-C(28) 1.383(5) 
C(23)-C(24) 1.389(5) 
C(24)-O(29) 1.359(4) 
C(24)-C(25) 1.385(5) 
C(25)-C(26) 1.395(6) 
C(26)-C(27) 1.370(7) 
C(27)-C(28) 1.389(6) 
O(29)-C(30) 1.424(5) 
C(31)-C(32) 1.380(5) 
C(31)-C(36) 1.392(5) 
C(32)-C(33) 1.391(5) 
C(33)-C(34) 1.384(5) 
C(34)-C(35) 1.372(6) 
C(35)-C(36) 1.375(5) 
C(37)-C(38) 1.386(5) 
C(37)-C(42) 1.390(5) 
C(38)-C(39) 1.389(6) 
C(39)-C(40) 1.373(6) 
C(40)-C(41) 1.380(6) 
C(41)-C(42) 1.386(5) 
O(43)-C(44) 1.384(4) 
C(44)-C(45) 1.371(5) 
C(44)-C(49) 1.395(5) 
C(45)-C(46) 1.388(5) 
C(46)-C(47) 1.365(6) 
C(47)-C(48) 1.393(5) 
C(48)-C(49) 1.380(5) 
C(49)-O(50) 1.370(4) 
O(50)-C(51) 1.431(4) 
C(52)-C(53) 1.385(5) 
C(52)-C(57) 1.393(4) 
C(53)-C(54) 1.377(5) 
C(54)-C(55) 1.374(5) 
C(55)-C(56) 1.379(6) 
C(56)-C(57) 1.375(6) 
C(58)-C(59) 1.380(5) 
C(58)-C(63) 1.395(5) 
C(59)-C(60) 1.384(5) 
C(60)-C(61) 1.378(5) 
C(61)-C(62) 1.363(5) 
C(62)-C(63) 1.391(5) 
O(64)-C(65) 1.420(4) 
C(65)-C(70) 1.368(5) 
C(65)-C(66) 1.372(6) 
C(66)-O(71) 1.357(5) 
C(66)-C(67) 1.399(5) 
C(67)-C(68) 1.367(7) 
C(68)-C(69) 1.389(7) 
C(69)-C(70) 1.393(6) 
O(71)-C(72) 1.429(5) 
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C(73)-C(78) 1.385(5) 
C(73)-C(74) 1.385(5) 
C(74)-C(75) 1.382(6) 
C(75)-C(76) 1.370(6) 
C(76)-C(77) 1.377(6) 
C(77)-C(78) 1.389(5) 
C(79)-C(84) 1.372(5) 
C(79)-C(80) 1.382(5) 
C(80)-C(81) 1.388(5) 
C(81)-C(82) 1.352(5) 
C(82)-C(83) 1.361(6) 
C(83)-C(84) 1.392(6) 
 
P(1)-Cu(1)-Br(2) 126.66(3) 
P(1)-Cu(1)-Br(3) 113.59(3) 
Br(2)-Cu(1)-Br(3) 101.126(17) 
P(1)-Cu(1)-Br(1) 111.52(3) 
Br(2)-Cu(1)-Br(1) 100.75(2) 
Br(3)-Cu(1)-Br(1) 99.220(19) 
P(2)-Cu(2)-Br(1) 121.31(3) 
P(2)-Cu(2)-Br(4) 113.76(3) 
Br(1)-Cu(2)-Br(4) 101.760(18) 
P(2)-Cu(2)-Br(2) 121.34(3) 
Br(1)-Cu(2)-Br(2) 98.895(19) 
Br(4)-Cu(2)-Br(2) 95.128(17) 
P(3)-Cu(3)-Br(4) 121.77(3) 
P(3)-Cu(3)-Br(3) 117.89(3) 
Br(4)-Cu(3)-Br(3) 97.520(18) 
P(3)-Cu(3)-Br(2) 120.63(3) 
Br(4)-Cu(3)-Br(2) 96.610(17) 
Br(3)-Cu(3)-Br(2) 96.989(17) 
P(4)-Cu(4)-Br(1) 125.92(3) 
P(4)-Cu(4)-Br(4) 115.47(3) 
Br(1)-Cu(4)-Br(4) 101.471(18) 
P(4)-Cu(4)-Br(3) 112.75(3) 
Br(1)-Cu(4)-Br(3) 101.234(19) 
Br(4)-Cu(4)-Br(3) 94.835(18) 
Cu(4)-Br(1)-Cu(2) 79.357(17) 
Cu(4)-Br(1)-Cu(1) 79.316(17) 
Cu(2)-Br(1)-Cu(1) 79.252(17) 
Cu(1)-Br(2)-Cu(3) 80.492(16) 
Cu(1)-Br(2)-Cu(2) 79.046(17) 
Cu(3)-Br(2)-Cu(2) 81.122(16) 
Cu(1)-Br(3)-Cu(3) 80.231(16) 
Cu(1)-Br(3)-Cu(4) 78.193(17) 
Cu(3)-Br(3)-Cu(4) 82.134(17) 
Cu(3)-Br(4)-Cu(2) 85.378(18) 
Cu(3)-Br(4)-Cu(4) 83.656(18) 
Cu(2)-Br(4)-Cu(4) 76.890(16) 
O(1)-P(1)-C(16) 96.86(14) 
O(1)-P(1)-C(10) 103.35(15) 
C(16)-P(1)-C(10) 103.68(14) 
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O(1)-P(1)-Cu(1) 120.73(9) 
C(16)-P(1)-Cu(1) 115.67(12) 
C(10)-P(1)-Cu(1) 113.92(12) 
O(22)-P(2)-C(31) 101.77(14) 
O(22)-P(2)-C(37) 98.35(15) 
C(31)-P(2)-C(37) 102.76(15) 
O(22)-P(2)-Cu(2) 120.89(10) 
C(31)-P(2)-Cu(2) 117.96(12) 
C(37)-P(2)-Cu(2) 112.00(11) 
O(43)-P(3)-C(52) 100.85(14) 
O(43)-P(3)-C(58) 96.64(14) 
C(52)-P(3)-C(58) 105.44(15) 
O(43)-P(3)-Cu(3) 119.47(9) 
C(52)-P(3)-Cu(3) 118.24(11) 
C(58)-P(3)-Cu(3) 113.18(11) 
O(64)-P(4)-C(73) 103.54(17) 
O(64)-P(4)-C(79) 98.15(15) 
C(73)-P(4)-C(79) 101.42(16) 
O(64)-P(4)-Cu(4) 118.27(10) 
C(73)-P(4)-Cu(4) 114.63(12) 
C(79)-P(4)-Cu(4) 118.05(12) 
C(2)-O(1)-P(1) 124.2(2) 
C(7)-C(2)-O(1) 123.9(3) 
C(7)-C(2)-C(3) 121.0(3) 
O(1)-C(2)-C(3) 115.0(3) 
O(8)-C(3)-C(4) 125.3(3) 
O(8)-C(3)-C(2) 115.9(3) 
C(4)-C(3)-C(2) 118.8(3) 
C(5)-C(4)-C(3) 119.6(3) 
C(6)-C(5)-C(4) 121.2(3) 
C(5)-C(6)-C(7) 119.9(3) 
C(2)-C(7)-C(6) 119.6(3) 
C(3)-O(8)-C(9) 117.1(3) 
C(11)-C(10)-C(15) 119.4(3) 
C(11)-C(10)-P(1) 118.9(3) 
C(15)-C(10)-P(1) 121.7(3) 
C(10)-C(11)-C(12) 120.6(4) 
C(13)-C(12)-C(11) 119.4(4) 
C(14)-C(13)-C(12) 120.3(4) 
C(13)-C(14)-C(15) 120.7(5) 
C(14)-C(15)-C(10) 119.5(4) 
C(17)-C(16)-C(21) 119.4(3) 
C(17)-C(16)-P(1) 122.5(3) 
C(21)-C(16)-P(1) 118.0(2) 
C(16)-C(17)-C(18) 119.8(3) 
C(19)-C(18)-C(17) 120.4(4) 
C(18)-C(19)-C(20) 120.2(3) 
C(19)-C(20)-C(21) 119.8(4) 
C(20)-C(21)-C(16) 120.4(3) 
C(23)-O(22)-P(2) 125.5(2) 
C(28)-C(23)-O(22) 117.0(4) 
C(28)-C(23)-C(24) 120.2(4) 
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O(22)-C(23)-C(24) 122.7(3) 
O(29)-C(24)-C(25) 124.5(4) 
O(29)-C(24)-C(23) 115.9(3) 
C(25)-C(24)-C(23) 119.6(4) 
C(24)-C(25)-C(26) 119.9(5) 
C(27)-C(26)-C(25) 120.2(4) 
C(26)-C(27)-C(28) 120.1(4) 
C(23)-C(28)-C(27) 120.0(4) 
C(24)-O(29)-C(30) 118.4(3) 
C(32)-C(31)-C(36) 118.4(3) 
C(32)-C(31)-P(2) 119.2(2) 
C(36)-C(31)-P(2) 122.5(3) 
C(31)-C(32)-C(33) 121.2(3) 
C(34)-C(33)-C(32) 119.6(4) 
C(35)-C(34)-C(33) 119.3(4) 
C(34)-C(35)-C(36) 121.2(3) 
C(35)-C(36)-C(31) 120.4(4) 
C(38)-C(37)-C(42) 118.7(4) 
C(38)-C(37)-P(2) 123.5(3) 
C(42)-C(37)-P(2) 117.7(3) 
C(37)-C(38)-C(39) 120.5(4) 
C(40)-C(39)-C(38) 120.1(4) 
C(39)-C(40)-C(41) 120.2(4) 
C(40)-C(41)-C(42) 119.7(4) 
C(41)-C(42)-C(37) 120.7(4) 
C(44)-O(43)-P(3) 124.4(2) 
C(45)-C(44)-O(43) 124.7(3) 
C(45)-C(44)-C(49) 120.5(3) 
O(43)-C(44)-C(49) 114.9(3) 
C(44)-C(45)-C(46) 119.7(4) 
C(47)-C(46)-C(45) 120.2(4) 
C(46)-C(47)-C(48) 120.7(4) 
C(49)-C(48)-C(47) 119.4(4) 
O(50)-C(49)-C(48) 125.2(3) 
O(50)-C(49)-C(44) 115.2(3) 
C(48)-C(49)-C(44) 119.6(3) 
C(49)-O(50)-C(51) 117.4(3) 
C(53)-C(52)-C(57) 118.3(3) 
C(53)-C(52)-P(3) 120.2(3) 
C(57)-C(52)-P(3) 121.5(3) 
C(54)-C(53)-C(52) 120.8(3) 
C(55)-C(54)-C(53) 120.4(4) 
C(54)-C(55)-C(56) 119.4(4) 
C(57)-C(56)-C(55) 120.5(4) 
C(56)-C(57)-C(52) 120.5(4) 
C(59)-C(58)-C(63) 119.0(3) 
C(59)-C(58)-P(3) 117.8(2) 
C(63)-C(58)-P(3) 123.0(3) 
C(58)-C(59)-C(60) 120.8(3) 
C(61)-C(60)-C(59) 119.8(4) 
C(62)-C(61)-C(60) 120.1(3) 
C(61)-C(62)-C(63) 120.8(3) 
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C(62)-C(63)-C(58) 119.4(3) 
C(65)-O(64)-P(4) 121.3(2) 
C(70)-C(65)-C(66) 122.7(4) 
C(70)-C(65)-O(64) 119.6(4) 
C(66)-C(65)-O(64) 117.4(4) 
O(71)-C(66)-C(65) 116.6(4) 
O(71)-C(66)-C(67) 124.1(4) 
C(65)-C(66)-C(67) 119.3(4) 
C(68)-C(67)-C(66) 118.2(5) 
C(67)-C(68)-C(69) 122.3(5) 
C(68)-C(69)-C(70) 119.1(5) 
C(65)-C(70)-C(69) 118.3(5) 
C(66)-O(71)-C(72) 116.8(3) 
C(78)-C(73)-C(74) 119.4(4) 
C(78)-C(73)-P(4) 118.9(3) 
C(74)-C(73)-P(4) 121.7(3) 
C(75)-C(74)-C(73) 119.8(4) 
C(76)-C(75)-C(74) 120.6(4) 
C(75)-C(76)-C(77) 120.3(4) 
C(76)-C(77)-C(78) 119.5(4) 
C(73)-C(78)-C(77) 120.4(4) 
C(84)-C(79)-C(80) 117.8(3) 
C(84)-C(79)-P(4) 122.5(3) 
C(80)-C(79)-P(4) 119.7(3) 
C(79)-C(80)-C(81) 121.1(4) 
C(82)-C(81)-C(80) 120.0(4) 
C(81)-C(82)-C(83) 120.0(4) 
C(82)-C(83)-C(84) 120.3(4) 
C(79)-C(84)-C(83) 120.7(4) 
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8.3. Crystal data and structure refinement for 2.25. 
 
 
 
Formula C76 H68 Br4 Cu4 O8 P4 
Formula weight 1806.98 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, C2/c 
Unit cell dimensions a = 19.3773(4) Å α = 90° 
 b = 16.4639(3) Å β = 110.447(3)° 
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 c = 24.1055(6) Å γ = 90° 
Volume, Z 7205.8(3) Å3, 4 
Density (calculated) 1.666 Mg/m3 
Absorption coefficient 3.527 mm-1 
F(000) 3616 
Crystal colour / morphology Colourless blocks 
Crystal size 0.36 x 0.24 x 0.14 mm3 
θ range for data collection 3.25 to 31.36° 
Index ranges -27<=h<=23, -22<=k<=22, -20<=l<=34 
Reflns collected / unique 36219 / 10649 [R(int) = 0.0256] 
 8014 
Absorption correction Analytical 
Max. and min. transmission 0.670 and 0.452 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10649 / 26 / 447 
Goodness-of-fit on F2 1.100 
 R1 = 0.0345, wR2 = 0.0798 
R indices (all data) R1 = 0.0566, wR2 = 0.0856 
Largest diff. peak, hole 0.570, -0.609 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
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Bond lengths [Å] and angles [°] for 2.25. 
 
Cu(1)-P(1) 2.1955(8) 
Cu(1)-Br(1) 2.4737(7) 
Cu(1)-Br(2) 2.5162(11) 
Cu(1)-Br(1)#1 2.692(3) 
Cu(1')-P(1) 2.166(6) 
Cu(1')-Br(1) 2.429(6) 
Cu(1')-Br(2) 2.429(6) 
Cu(2)-P(31) 2.1796(6) 
Cu(2)-Br(2)#1 2.4945(3) 
Cu(2)-Br(2) 2.5407(3) 
Cu(2)-Br(1) 2.5584(4) 
Br(1)-Cu(1)#1 2.692(3) 
Br(2)-Cu(2)#1 2.4945(3) 
P(1)-O(2) 1.6389(15) 
P(1)-C(11) 1.810(2) 
P(1)-C(17) 1.814(2) 
O(2)-C(3) 1.390(3) 
C(3)-C(4) 1.373(3) 
C(3)-C(8) 1.393(3) 
C(4)-C(5) 1.390(3) 
C(5)-C(6) 1.372(3) 
C(6)-O(9) 1.372(3) 
C(6)-C(7) 1.400(4) 
C(7)-C(8) 1.359(4) 
O(9)-C(10) 1.412(3) 
C(11)-C(12) 1.372(3) 
C(11)-C(16) 1.383(3) 
C(12)-C(13) 1.370(4) 
C(13)-C(14) 1.357(4) 
C(14)-C(15) 1.359(4) 
C(15)-C(16) 1.373(4) 
C(17)-C(22) 1.378(3) 
C(17)-C(18) 1.394(3) 
C(18)-C(19) 1.376(3) 
C(19)-C(20) 1.368(4) 
C(20)-C(21) 1.390(4) 
C(21)-C(22) 1.375(4) 
P(31)-O(32) 1.6367(14) 
P(31)-C(41') 1.797(4) 
P(31)-C(47) 1.820(2) 
P(31)-C(41) 1.831(2) 
O(32)-C(33) 1.409(3) 
C(33)-C(38) 1.369(3) 
C(33)-C(34) 1.370(3) 
C(34)-C(35) 1.382(3) 
C(35)-C(36) 1.375(4) 
C(36)-O(39) 1.379(3) 
C(36)-C(37) 1.381(4) 
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C(37)-C(38) 1.380(4) 
O(39)-C(40') 1.434(8) 
O(39)-C(40) 1.476(5) 
C(41)-C(42) 1.3900 
C(41)-C(46) 1.3900 
C(42)-C(43) 1.3900 
C(43)-C(44) 1.3900 
C(44)-C(45) 1.3900 
C(45)-C(46) 1.3900 
C(41')-C(42') 1.3900 
C(41')-C(46') 1.3900 
C(42')-C(43') 1.3900 
C(43')-C(44') 1.3900 
C(44')-C(45') 1.3900 
C(45')-C(46') 1.3900 
C(47)-C(48) 1.395(3) 
C(47)-C(52) 1.396(3) 
C(48)-C(49) 1.364(3) 
C(49)-C(50) 1.378(3) 
C(50)-C(51) 1.387(4) 
C(51)-C(52) 1.380(3) 
 
P(1)-Cu(1)-Br(1) 126.33(5) 
P(1)-Cu(1)-Br(2) 119.06(6) 
Br(1)-Cu(1)-Br(2) 101.50(4) 
P(1)-Cu(1)-Br(1)#1 112.72(9) 
Br(1)-Cu(1)-Br(1)#1 95.05(6) 
Br(2)-Cu(1)-Br(1)#1 95.83(5) 
P(1)-Cu(1')-Br(1) 130.1(3) 
P(1)-Cu(1')-Br(2) 124.3(3) 
Br(1)-Cu(1')-Br(2) 105.4(2) 
P(31)-Cu(2)-Br(2)#1 116.921(18) 
P(31)-Cu(2)-Br(2) 117.732(19) 
Br(2)#1-Cu(2)-Br(2) 103.409(12) 
P(31)-Cu(2)-Br(1) 117.25(2) 
Br(2)#1-Cu(2)-Br(1) 99.863(12) 
Br(2)-Cu(2)-Br(1) 98.544(12) 
Cu(1')-Br(1)-Cu(2) 77.82(15) 
Cu(1)-Br(1)-Cu(2) 79.66(2) 
Cu(1')-Br(1)-Cu(1)#1 93.4(4) 
Cu(1)-Br(1)-Cu(1)#1 84.10(5) 
Cu(2)-Br(1)-Cu(1)#1 78.69(2) 
Cu(1')-Br(2)-Cu(2)#1 92.5(4) 
Cu(2)#1-Br(2)-Cu(1) 83.31(6) 
Cu(1')-Br(2)-Cu(2) 78.16(15) 
Cu(2)#1-Br(2)-Cu(2) 75.933(12) 
Cu(1)-Br(2)-Cu(2) 79.212(16) 
O(2)-P(1)-C(11) 102.34(9) 
O(2)-P(1)-C(17) 95.60(9) 
C(11)-P(1)-C(17) 103.96(10) 
O(2)-P(1)-Cu(1') 111.0(4) 
C(11)-P(1)-Cu(1') 121.6(2) 
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C(17)-P(1)-Cu(1') 118.3(3) 
O(2)-P(1)-Cu(1) 122.33(10) 
C(11)-P(1)-Cu(1) 115.85(8) 
C(17)-P(1)-Cu(1) 113.59(8) 
C(3)-O(2)-P(1) 125.73(13) 
C(4)-C(3)-O(2) 125.64(19) 
C(4)-C(3)-C(8) 119.4(2) 
O(2)-C(3)-C(8) 115.0(2) 
C(3)-C(4)-C(5) 120.0(2) 
C(6)-C(5)-C(4) 120.7(2) 
O(9)-C(6)-C(5) 125.7(2) 
O(9)-C(6)-C(7) 115.5(2) 
C(5)-C(6)-C(7) 118.8(2) 
C(8)-C(7)-C(6) 120.5(2) 
C(7)-C(8)-C(3) 120.6(2) 
C(6)-O(9)-C(10) 117.6(2) 
C(12)-C(11)-C(16) 117.4(2) 
C(12)-C(11)-P(1) 119.89(17) 
C(16)-C(11)-P(1) 122.63(18) 
C(13)-C(12)-C(11) 121.0(2) 
C(14)-C(13)-C(12) 120.8(3) 
C(13)-C(14)-C(15) 119.3(3) 
C(14)-C(15)-C(16) 120.5(3) 
C(15)-C(16)-C(11) 121.0(3) 
C(22)-C(17)-C(18) 117.9(2) 
C(22)-C(17)-P(1) 119.53(17) 
C(18)-C(17)-P(1) 122.62(18) 
C(19)-C(18)-C(17) 121.1(2) 
C(20)-C(19)-C(18) 120.4(2) 
C(19)-C(20)-C(21) 119.3(2) 
C(22)-C(21)-C(20) 120.1(3) 
C(21)-C(22)-C(17) 121.3(2) 
O(32)-P(31)-C(41') 95.5(2) 
O(32)-P(31)-C(47) 103.51(9) 
C(41')-P(31)-C(47) 98.7(2) 
O(32)-P(31)-C(41) 98.78(11) 
C(47)-P(31)-C(41) 103.56(12) 
O(32)-P(31)-Cu(2) 116.90(6) 
C(41')-P(31)-Cu(2) 121.5(2) 
C(47)-P(31)-Cu(2) 116.91(7) 
C(41)-P(31)-Cu(2) 114.75(11) 
C(33)-O(32)-P(31) 117.99(13) 
C(38)-C(33)-C(34) 120.7(2) 
C(38)-C(33)-O(32) 118.9(2) 
C(34)-C(33)-O(32) 120.2(2) 
C(33)-C(34)-C(35) 120.6(2) 
C(36)-C(35)-C(34) 119.0(3) 
C(35)-C(36)-O(39) 121.0(3) 
C(35)-C(36)-C(37) 120.0(2) 
O(39)-C(36)-C(37) 118.9(2) 
C(38)-C(37)-C(36) 120.6(3) 
C(33)-C(38)-C(37) 119.0(3) 
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C(36)-O(39)-C(40') 117.9(4) 
C(36)-O(39)-C(40) 119.6(2) 
C(40')-O(39)-C(40) 121.0(4) 
C(42)-C(41)-C(46) 120.0 
C(42)-C(41)-P(31) 119.05(15) 
C(46)-C(41)-P(31) 120.94(15) 
C(41)-C(42)-C(43) 120.0 
C(44)-C(43)-C(42) 120.0 
C(45)-C(44)-C(43) 120.0 
C(44)-C(45)-C(46) 120.0 
C(45)-C(46)-C(41) 120.0 
C(42')-C(41')-C(46') 120.0 
C(42')-C(41')-P(31) 125.2(3) 
C(46')-C(41')-P(31) 114.8(3) 
C(41')-C(42')-C(43') 120.0 
C(44')-C(43')-C(42') 120.0 
C(43')-C(44')-C(45') 120.0 
C(46')-C(45')-C(44') 120.0 
C(45')-C(46')-C(41') 120.0 
C(48)-C(47)-C(52) 118.5(2) 
C(48)-C(47)-P(31) 121.40(16) 
C(52)-C(47)-P(31) 120.05(17) 
C(49)-C(48)-C(47) 120.9(2) 
C(48)-C(49)-C(50) 120.5(2) 
C(49)-C(50)-C(51) 119.7(2) 
C(52)-C(51)-C(50) 120.2(2) 
C(51)-C(52)-C(47) 120.2(2) 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z+1/2 
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8.4. Crystal data and structure refinement for 2.28 
 
 
Formula C72 H60 Cl4 Cu4 O8 P4 
Formula weight 1573.04 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Monoclinic, P2(1)/c 
Unit cell dimensions a = 17.74221(6) Å α = 90° 
 b = 19.81860(7) Å β = 90.2469(3)° 
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 c = 19.90005(8) Å γ = 90° 
Volume, Z 6997.31(4) Å3, 4 
Density (calculated) 1.493 Mg/m3 
Absorption coefficient 4.076 mm-1 
F(000) 3200 
Crystal colour / morphology Colourless blocks 
Crystal size 0.34 x 0.20 x 0.13 mm3 
θ range for data collection 2.49 to 72.59° 
Index ranges -19<=h<=21, -24<=k<=24, -21<=l<=24 
Reflns collected / unique 58377 / 13741 [R(int) = 0.0264] 
 11724 
Absorption correction Analytical 
Max. and min. transmission 0.686 and 0.458 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 13741 / 850 / 790 
Goodness-of-fit on F2 1.103 
 R1 = 0.0627, wR2 = 0.1881 
R indices (all data) R1 = 0.0693, wR2 = 0.1940 
Largest diff. peak, hole 1.665, -1.078 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
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Bond lengths [Å] and angles [°] for 2.28. 
 
Cu(1)-P(1) 2.1320(11) 
Cu(1)-Cl(2) 2.3534(11) 
Cu(1)-Cl(3) 2.4083(13) 
Cu(1)-Cl(1) 2.4500(10) 
Cu(2)-P(2) 2.1522(10) 
Cu(2)-Cl(1) 2.3657(10) 
Cu(2)-Cl(4) 2.4037(11) 
Cu(2)-Cl(2) 2.4304(11) 
Cu(3)-P(3') 2.142(4) 
Cu(3)-P(3) 2.211(3) 
Cu(3)-P(3") 2.223(4) 
Cu(3)-Cl(3) 2.4086(14) 
Cu(3)-Cl(2) 2.4158(13) 
Cu(3)-Cl(4) 2.4430(11) 
Cu(4)-P(4) 2.1453(13) 
Cu(4)-Cl(3) 2.3649(12) 
Cu(4)-Cl(1) 2.4029(11) 
Cu(4)-Cl(4) 2.4304(13) 
P(1)-O(8) 1.589(4) 
P(1)-O(1) 1.635(4) 
P(1)-C(15) 1.824(4) 
P(2)-O(21) 1.615(3) 
P(2)-O(28) 1.620(3) 
P(2)-C(35') 1.802(6) 
 
P(2)-C(35) 1.803(3) 
 
P(3)-O(48) 1.594(8) 
P(3)-O(41) 1.600(8) 
P(3)-C(55) 1.844(6) 
P(3')-O(41') 1.566(10) 
P(3')-O(48') 1.597(9) 
P(3')-C(55') 1.818(8) 
P(3")-O(48") 1.638(8) 
P(3")-O(41") 1.658(9) 
P(3")-C(55") 1.757(8) 
P(4)-O(68) 1.614(3) 
P(4)-O(61) 1.626(4) 
P(4)-C(75) 1.799(3) 
P(4)-C(75') 1.821(9) 
O(1)-C(2') 1.362(9) 
O(1)-C(2) 1.375(5) 
C(2)-C(3) 1.3900 
C(2)-C(7) 1.3900 
C(3)-C(4) 1.3900 
C(4)-C(5) 1.3900 
C(5)-C(6) 1.3900 
C(6)-C(7) 1.3900 
C(2')-C(3') 1.3900 
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C(2')-C(7') 1.3900 
C(3')-C(4') 1.3900 
C(4')-C(5') 1.3900 
C(5')-C(6') 1.3900 
C(6')-C(7') 1.3900 
O(8)-C(9) 1.407(5) 
C(9)-C(14) 1.349(8) 
C(9)-C(10) 1.384(7) 
C(10)-C(11) 1.389(7) 
C(11)-C(12) 1.359(9) 
C(12)-C(13) 1.368(9) 
C(13)-C(14) 1.411(8) 
C(15)-C(20) 1.380(6) 
C(15)-C(16) 1.391(6) 
C(16)-C(17) 1.375(6) 
C(17)-C(18) 1.387(7) 
C(18)-C(19) 1.361(8) 
C(19)-C(20) 1.381(7) 
O(21)-C(22) 1.409(5) 
C(22)-C(27) 1.369(7) 
C(22)-C(23) 1.383(6) 
C(23)-C(24) 1.390(7) 
C(24)-C(25) 1.366(9) 
C(25)-C(26) 1.383(9) 
C(26)-C(27) 1.400(7) 
O(28)-C(29) 1.401(4) 
C(29)-C(34) 1.364(6) 
C(29)-C(30) 1.374(6) 
C(30)-C(31) 1.388(6) 
C(31)-C(32) 1.375(8) 
C(32)-C(33) 1.363(8) 
C(33)-C(34) 1.398(7) 
C(35)-C(36) 1.3900 
C(35)-C(40) 1.3900 
C(36)-C(37) 1.3900 
C(37)-C(38) 1.3900 
C(38)-C(39) 1.3900 
C(39)-C(40) 1.3900 
C(35')-C(36') 1.3900 
C(35')-C(40') 1.3900 
C(36')-C(37') 1.3900 
C(37')-C(38') 1.3900 
C(38')-C(39') 1.3900 
C(39')-C(40') 1.3900 
O(41)-C(42) 1.382(8) 
C(42)-C(43) 1.3900 
C(42)-C(47) 1.3900 
C(43)-C(44) 1.3900 
C(44)-C(45) 1.3900 
C(45)-C(46) 1.3900 
C(46)-C(47) 1.3900 
O(48)-C(49) 1.374(9) 
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C(49)-C(50) 1.3900 
C(49)-C(54) 1.3900 
C(50)-C(51) 1.3900 
C(51)-C(52) 1.3900 
C(52)-C(53) 1.3900 
C(53)-C(54) 1.3900 
C(55)-C(56) 1.3900 
C(55)-C(60) 1.3900 
C(56)-C(57) 1.3900 
C(57)-C(58) 1.3900 
C(58)-C(59) 1.3900 
C(59)-C(60) 1.3900 
O(41')-C(42') 1.371(10) 
C(42')-C(43') 1.3900 
C(42')-C(47') 1.3900 
C(43')-C(44') 1.3900 
C(44')-C(45') 1.3900 
C(45')-C(46') 1.3900 
C(46')-C(47') 1.3900 
O(48')-C(49') 1.374(10) 
C(49')-C(50') 1.3900 
C(49')-C(54') 1.3900 
C(50')-C(51') 1.3900 
C(51')-C(52') 1.3900 
C(52')-C(53') 1.3900 
C(53')-C(54') 1.3900 
C(55')-C(56') 1.3900 
C(55')-C(60') 1.3900 
C(56')-C(57') 1.3900 
C(57')-C(58') 1.3900 
C(58')-C(59') 1.3900 
C(59')-C(60') 1.3900 
O(41")-C(42") 1.376(9) 
C(42")-C(43") 1.3900 
C(42")-C(47") 1.3900 
C(43")-C(44") 1.3900 
C(44")-C(45") 1.3900 
C(45")-C(46") 1.3900 
C(46")-C(47") 1.3900 
O(48")-C(49") 1.381(9) 
C(49")-C(50") 1.3900 
C(49")-C(54") 1.3900 
C(50")-C(51") 1.3900 
C(51")-C(52") 1.3900 
C(52")-C(53") 1.3900 
C(53")-C(54") 1.3900 
C(55")-C(56") 1.3900 
C(55")-C(60") 1.3900 
C(56")-C(57") 1.3900 
C(57")-C(58") 1.3900 
C(58")-C(59") 1.3900 
C(59")-C(60") 1.3900 
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O(61)-C(62) 1.398(5) 
C(62)-C(67) 1.375(7) 
C(62)-C(63) 1.399(7) 
C(63)-C(64) 1.376(7) 
C(64)-C(65) 1.381(8) 
C(65)-C(66) 1.387(8) 
C(66)-C(67) 1.390(7) 
O(68)-C(69) 1.411(5) 
C(69)-C(70) 1.372(7) 
C(69)-C(74) 1.387(7) 
C(70)-C(71) 1.387(7) 
C(71)-C(72) 1.374(9) 
C(72)-C(73) 1.374(9) 
C(73)-C(74) 1.394(7) 
C(75)-C(76) 1.3900 
C(75)-C(80) 1.3900 
C(76)-C(77) 1.3900 
C(77)-C(78) 1.3900 
C(78)-C(79) 1.3900 
C(79)-C(80) 1.3900 
C(75')-C(76') 1.3900 
C(75')-C(80') 1.3900 
C(76')-C(77') 1.3900 
C(77')-C(78') 1.3900 
C(78')-C(79') 1.3900 
C(79')-C(80') 1.3900 
P(1)-Cu(1)-Cl(2) 124.42(5) 
P(1)-Cu(1)-Cl(3) 123.16(5) 
Cl(2)-Cu(1)-Cl(3) 95.17(4) 
P(1)-Cu(1)-Cl(1) 115.08(4) 
Cl(2)-Cu(1)-Cl(1) 96.90(4) 
Cl(3)-Cu(1)-Cl(1) 95.69(4) 
P(2)-Cu(2)-Cl(1) 127.63(4) 
P(2)-Cu(2)-Cl(4) 118.59(4) 
Cl(1)-Cu(2)-Cl(4) 95.79(4) 
P(2)-Cu(2)-Cl(2) 116.53(4) 
Cl(1)-Cu(2)-Cl(2) 97.11(4) 
Cl(4)-Cu(2)-Cl(2) 94.29(4) 
P(3')-Cu(3)-Cl(3) 118.25(13) 
P(3)-Cu(3)-Cl(3) 124.99(13) 
P(3")-Cu(3)-Cl(3) 133.38(15) 
P(3')-Cu(3)-Cl(2) 134.03(16) 
P(3)-Cu(3)-Cl(2) 118.44(15) 
P(3")-Cu(3)-Cl(2) 111.57(13) 
Cl(3)-Cu(3)-Cl(2) 93.56(4) 
P(3')-Cu(3)-Cl(4) 113.86(14) 
P(3)-Cu(3)-Cl(4) 123.32(10) 
P(3")-Cu(3)-Cl(4) 120.48(12) 
Cl(3)-Cu(3)-Cl(4) 95.01(4) 
Cl(2)-Cu(3)-Cl(4) 93.66(4) 
P(4)-Cu(4)-Cl(3) 125.58(5) 
P(4)-Cu(4)-Cl(1) 116.46(5) 
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Cl(3)-Cu(4)-Cl(1) 98.12(4) 
P(4)-Cu(4)-Cl(4) 119.65(5) 
Cl(3)-Cu(4)-Cl(4) 96.48(5) 
Cl(1)-Cu(4)-Cl(4) 94.13(4) 
Cu(2)-Cl(1)-Cu(4) 85.14(4) 
Cu(2)-Cl(1)-Cu(1) 82.50(3) 
Cu(4)-Cl(1)-Cu(1) 81.98(3) 
Cu(1)-Cl(2)-Cu(3) 85.84(4) 
Cu(1)-Cl(2)-Cu(2) 83.18(3) 
Cu(3)-Cl(2)-Cu(2) 85.74(4) 
Cu(4)-Cl(3)-Cu(1) 83.65(4) 
Cu(4)-Cl(3)-Cu(3) 85.19(4) 
Cu(1)-Cl(3)-Cu(3) 84.80(4) 
Cu(2)-Cl(4)-Cu(4) 83.72(4) 
Cu(2)-Cl(4)-Cu(3) 85.73(4) 
Cu(4)-Cl(4)-Cu(3) 83.05(4) 
O(8)-P(1)-O(1) 106.90(19) 
O(8)-P(1)-C(15) 106.38(18) 
O(1)-P(1)-C(15) 95.07(18) 
O(8)-P(1)-Cu(1) 110.31(13) 
O(1)-P(1)-Cu(1) 119.04(12) 
C(15)-P(1)-Cu(1) 117.52(14) 
O(21)-P(2)-O(28) 103.31(18) 
O(21)-P(2)-C(35') 91.1(2) 
O(28)-P(2)-C(35') 97.8(2) 
O(21)-P(2)-C(35) 105.8(2) 
O(28)-P(2)-C(35) 94.64(18) 
O(21)-P(2)-Cu(2) 115.22(11) 
O(28)-P(2)-Cu(2) 119.31(11) 
C(35')-P(2)-Cu(2) 124.8(2) 
C(35)-P(2)-Cu(2) 115.80(16) 
O(48)-P(3)-O(41) 96.4(5) 
O(48)-P(3)-C(55) 95.4(5) 
O(41)-P(3)-C(55) 105.0(4) 
O(48)-P(3)-Cu(3) 120.2(4) 
O(41)-P(3)-Cu(3) 117.1(4) 
C(55)-P(3)-Cu(3) 118.5(3) 
O(41')-P(3')-O(48') 97.8(6) 
O(41')-P(3')-C(55') 94.6(5) 
O(48')-P(3')-C(55') 101.5(5) 
O(41')-P(3')-Cu(3) 123.8(5) 
O(48')-P(3')-Cu(3) 120.7(4) 
C(55')-P(3')-Cu(3) 113.4(3) 
O(48")-P(3")-O(41") 102.4(6) 
O(48")-P(3")-C(55") 101.3(5) 
O(41")-P(3")-C(55") 95.3(5) 
O(48")-P(3")-Cu(3) 117.3(4) 
O(41")-P(3")-Cu(3) 111.3(4) 
C(55")-P(3")-Cu(3) 125.2(4) 
O(68)-P(4)-O(61) 103.82(17) 
O(68)-P(4)-C(75) 105.6(2) 
O(61)-P(4)-C(75) 95.3(3) 
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O(68)-P(4)-C(75') 101.9(3) 
O(61)-P(4)-C(75') 104.6(5) 
O(68)-P(4)-Cu(4) 113.88(12) 
O(61)-P(4)-Cu(4) 117.94(12) 
C(75)-P(4)-Cu(4) 117.9(2) 
C(75')-P(4)-Cu(4) 112.9(4) 
C(2')-O(1)-P(1) 136.8(5) 
C(2)-O(1)-P(1) 122.3(3) 
O(1)-C(2)-C(3) 116.5(4) 
O(1)-C(2)-C(7) 123.4(4) 
C(3)-C(2)-C(7) 120.0 
C(4)-C(3)-C(2) 120.0 
C(3)-C(4)-C(5) 120.0 
C(4)-C(5)-C(6) 120.0 
C(7)-C(6)-C(5) 120.0 
C(6)-C(7)-C(2) 120.0 
O(1)-C(2')-C(3') 122.8(7) 
O(1)-C(2')-C(7') 117.2(7) 
C(3')-C(2')-C(7') 120.0 
C(4')-C(3')-C(2') 120.0 
C(3')-C(4')-C(5') 120.0 
C(6')-C(5')-C(4') 120.0 
C(5')-C(6')-C(7') 120.0 
C(6')-C(7')-C(2') 120.0 
C(9)-O(8)-P(1) 128.2(3) 
C(14)-C(9)-C(10) 120.7(5) 
C(14)-C(9)-O(8) 117.9(5) 
C(10)-C(9)-O(8) 121.4(5) 
C(9)-C(10)-C(11) 118.8(6) 
C(12)-C(11)-C(10) 121.0(6) 
C(11)-C(12)-C(13) 120.1(5) 
C(12)-C(13)-C(14) 119.4(6) 
C(9)-C(14)-C(13) 119.9(5) 
C(20)-C(15)-C(16) 119.5(4) 
C(20)-C(15)-P(1) 124.7(3) 
C(16)-C(15)-P(1) 115.6(3) 
C(17)-C(16)-C(15) 121.0(4) 
C(16)-C(17)-C(18) 118.6(5) 
C(19)-C(18)-C(17) 120.6(4) 
C(18)-C(19)-C(20) 121.1(4) 
C(15)-C(20)-C(19) 119.1(4) 
C(22)-O(21)-P(2) 119.4(2) 
C(27)-C(22)-C(23) 122.7(4) 
C(27)-C(22)-O(21) 119.1(4) 
C(23)-C(22)-O(21) 118.2(5) 
C(22)-C(23)-C(24) 117.9(5) 
C(25)-C(24)-C(23) 120.7(5) 
C(24)-C(25)-C(26) 120.7(5) 
C(25)-C(26)-C(27) 119.7(6) 
C(22)-C(27)-C(26) 118.3(5) 
C(29)-O(28)-P(2) 120.7(2) 
C(34)-C(29)-C(30) 121.8(4) 
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C(34)-C(29)-O(28) 117.4(4) 
C(30)-C(29)-O(28) 120.8(3) 
C(29)-C(30)-C(31) 118.6(4) 
C(32)-C(31)-C(30) 120.6(5) 
C(33)-C(32)-C(31) 119.8(4) 
C(32)-C(33)-C(34) 120.5(4) 
C(29)-C(34)-C(33) 118.7(4) 
C(36)-C(35)-C(40) 120.0 
C(36)-C(35)-P(2) 118.0(3) 
C(40)-C(35)-P(2) 121.9(3) 
C(37)-C(36)-C(35) 120.0 
C(38)-C(37)-C(36) 120.0 
C(37)-C(38)-C(39) 120.0 
C(40)-C(39)-C(38) 120.0 
C(39)-C(40)-C(35) 120.0 
C(36')-C(35')-C(40') 120.0 
C(36')-C(35')-P(2) 118.1(4) 
C(40')-C(35')-P(2) 121.9(4) 
C(37')-C(36')-C(35') 120.0 
C(38')-C(37')-C(36') 120.0 
C(37')-C(38')-C(39') 120.0 
C(40')-C(39')-C(38') 120.0 
C(39')-C(40')-C(35') 120.0 
C(42)-O(41)-P(3) 123.6(5) 
O(41)-C(42)-C(43) 123.6(6) 
O(41)-C(42)-C(47) 116.4(6) 
C(43)-C(42)-C(47) 120.0 
C(44)-C(43)-C(42) 120.0 
C(43)-C(44)-C(45) 120.0 
C(46)-C(45)-C(44) 120.0 
C(47)-C(46)-C(45) 120.0 
C(46)-C(47)-C(42) 120.0 
C(49)-O(48)-P(3) 124.4(6) 
O(48)-C(49)-C(50) 123.8(5) 
O(48)-C(49)-C(54) 116.2(5) 
C(50)-C(49)-C(54) 120.0 
C(49)-C(50)-C(51) 120.0 
C(52)-C(51)-C(50) 120.0 
C(51)-C(52)-C(53) 120.0 
C(54)-C(53)-C(52) 120.0 
C(53)-C(54)-C(49) 120.0 
C(56)-C(55)-C(60) 120.0 
C(56)-C(55)-P(3) 119.7(4) 
C(60)-C(55)-P(3) 120.3(4) 
C(57)-C(56)-C(55) 120.0 
C(58)-C(57)-C(56) 120.0 
C(57)-C(58)-C(59) 120.0 
C(58)-C(59)-C(60) 120.0 
C(59)-C(60)-C(55) 120.0 
C(42')-O(41')-P(3') 121.7(7) 
O(41')-C(42')-C(43') 121.4(7) 
O(41')-C(42')-C(47') 118.6(7) 
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C(43')-C(42')-C(47') 120.0 
C(42')-C(43')-C(44') 120.0 
C(45')-C(44')-C(43') 120.0 
C(46')-C(45')-C(44') 120.0 
C(45')-C(46')-C(47') 120.0 
C(46')-C(47')-C(42') 120.0 
C(49')-O(48')-P(3') 127.1(7) 
O(48')-C(49')-C(50') 120.9(6) 
O(48')-C(49')-C(54') 119.1(6) 
C(50')-C(49')-C(54') 120.0 
C(49')-C(50')-C(51') 120.0 
C(52')-C(51')-C(50') 120.0 
C(51')-C(52')-C(53') 120.0 
C(52')-C(53')-C(54') 120.0 
C(53')-C(54')-C(49') 120.0 
C(56')-C(55')-C(60') 120.0 
C(56')-C(55')-P(3') 121.3(5) 
C(60')-C(55')-P(3') 118.7(5) 
C(57')-C(56')-C(55') 120.0 
C(58')-C(57')-C(56') 120.0 
C(57')-C(58')-C(59') 120.0 
C(58')-C(59')-C(60') 120.0 
C(59')-C(60')-C(55') 120.0 
C(42")-O(41")-P(3") 120.7(6) 
O(41")-C(42")-C(43") 120.0(6) 
O(41")-C(42")-C(47") 120.0(6) 
C(43")-C(42")-C(47") 120.0 
C(44")-C(43")-C(42") 120.0 
C(43")-C(44")-C(45") 120.0 
C(46")-C(45")-C(44") 120.0 
C(45")-C(46")-C(47") 120.0 
C(46")-C(47")-C(42") 120.0 
C(49")-O(48")-P(3") 120.7(6) 
O(48")-C(49")-C(50") 119.2(6) 
O(48")-C(49")-C(54") 120.8(6) 
C(50")-C(49")-C(54") 120.0 
C(51")-C(50")-C(49") 120.0 
C(50")-C(51")-C(52") 120.0 
C(51")-C(52")-C(53") 120.0 
C(54")-C(53")-C(52") 120.0 
C(53")-C(54")-C(49") 120.0 
C(56")-C(55")-C(60") 120.0 
C(56")-C(55")-P(3") 122.5(6) 
C(60")-C(55")-P(3") 117.5(6) 
C(55")-C(56")-C(57") 120.0 
C(56")-C(57")-C(58") 120.0 
C(59")-C(58")-C(57") 120.0 
C(58")-C(59")-C(60") 120.0 
C(59")-C(60")-C(55") 120.0 
C(62)-O(61)-P(4) 123.3(3) 
C(67)-C(62)-O(61) 123.0(4) 
C(67)-C(62)-C(63) 121.2(4) 
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O(61)-C(62)-C(63) 115.8(4) 
C(64)-C(63)-C(62) 118.9(5) 
C(63)-C(64)-C(65) 120.7(5) 
C(64)-C(65)-C(66) 119.9(5) 
C(65)-C(66)-C(67) 120.3(5) 
C(62)-C(67)-C(66) 119.0(5) 
C(69)-O(68)-P(4) 122.5(3) 
C(70)-C(69)-C(74) 122.4(4) 
C(70)-C(69)-O(68) 118.9(4) 
C(74)-C(69)-O(68) 118.6(4) 
C(69)-C(70)-C(71) 118.7(5) 
C(72)-C(71)-C(70) 120.0(5) 
C(71)-C(72)-C(73) 120.8(5) 
C(72)-C(73)-C(74) 120.3(5) 
C(69)-C(74)-C(73) 117.7(5) 
C(76)-C(75)-C(80) 120.0 
C(76)-C(75)-P(4) 116.0(3) 
C(80)-C(75)-P(4) 124.0(3) 
C(75)-C(76)-C(77) 120.0 
C(76)-C(77)-C(78) 120.0 
C(79)-C(78)-C(77) 120.0 
C(80)-C(79)-C(78) 120.0 
C(79)-C(80)-C(75) 120.0 
C(76')-C(75')-C(80') 120.0 
C(76')-C(75')-P(4) 119.7(6) 
C(80')-C(75')-P(4) 120.3(6) 
C(77')-C(76')-C(75') 120.0 
C(76')-C(77')-C(78') 120.0 
C(79')-C(78')-C(77') 120.0 
C(78')-C(79')-C(80') 120.0 
C(79')-C(80')-C(75') 120.0 
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8.5. Crystal data and structure refinement for 2.31. 
 
 
Formula C32 H44 Br4 Cu4 O8 P4 
Formula weight 1254.35 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Tetragonal, I4(1)/a 
Unit cell dimensions a = 16.73268(9) Å α = 90° 
 b = 16.73268(9) Å β = 90° 
 c = 15.88529(13) Å γ = 90° 
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Volume, Z 4447.60(5) Å3, 4 
Density (calculated) 1.873 Mg/m3 
Absorption coefficient 8.089 mm-1 
F(000) 2464 
Crystal colour / morphology Colourless blocks 
Crystal size 0.23 x 0.16 x 0.12 mm3 
θ range for data collection 3.84 to 72.38° 
Index ranges -20<=h<=20, -20<=k<=17, -19<=l<=18 
Reflns collected / unique 17715 / 2201 [R(int) = 0.0328] 
 2044 
Absorption correction Analytical 
Max. and min. transmission 0.517 and 0.311 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2201 / 0 / 121 
Goodness-of-fit on F2 1.053 
 R1 = 0.0247, wR2 = 0.0617 
R indices (all data) R1 = 0.0271, wR2 = 0.0631 
Extinction coefficient 0.000340(17) 
Largest diff. peak, hole 0.386, -0.444 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Bond lengths [Å] and angles [°] for 2.31. 
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Cu(1)-P(1) 2.1835(6) 
Cu(1)-Br(1)#1 2.4683(4) 
Cu(1)-Br(1) 2.5396(4) 
Cu(1)-Br(1)#2 2.6102(4) 
Cu(1)-Cu(1)#3 3.0039(7) 
Br(1)-Cu(1)#2 2.4683(4) 
Br(1)-Cu(1)#1 2.6102(4) 
P(1)-O(1) 1.6043(19) 
P(1)-O(3) 1.6065(19) 
P(1)-C(5) 1.806(2) 
O(1)-C(2) 1.429(3) 
O(3)-C(4) 1.435(4) 
C(5)-C(6) 1.385(3) 
C(5)-C(10) 1.397(3) 
C(6)-C(7) 1.387(4) 
C(7)-C(8) 1.381(4) 
C(8)-C(9) 1.382(4) 
C(9)-C(10) 1.380(4) 
 
P(1)-Cu(1)-Br(1)#1 125.05(2) 
P(1)-Cu(1)-Br(1) 114.80(2) 
Br(1)#1-Cu(1)-Br(1) 102.513(14) 
P(1)-Cu(1)-Br(1)#2 105.47(2) 
Br(1)#1-Cu(1)-Br(1)#2 107.119(15) 
Br(1)-Cu(1)-Br(1)#2 98.656(13) 
P(1)-Cu(1)-Cu(1)#3 139.80(2) 
Br(1)#1-Cu(1)-Cu(1)#3 55.952(13) 
Br(1)-Cu(1)-Cu(1)#3 102.224(10) 
Br(1)#2-Cu(1)-Cu(1)#3 51.583(12) 
Cu(1)#2-Br(1)-Cu(1) 78.020(14) 
Cu(1)#2-Br(1)-Cu(1)#1 72.465(15) 
Cu(1)-Br(1)-Cu(1)#1 75.483(14) 
O(1)-P(1)-O(3) 105.01(12) 
O(1)-P(1)-C(5) 98.83(10) 
O(3)-P(1)-C(5) 99.85(10) 
O(1)-P(1)-Cu(1) 118.18(8) 
O(3)-P(1)-Cu(1) 115.37(8) 
C(5)-P(1)-Cu(1) 116.79(8) 
C(2)-O(1)-P(1) 119.76(18) 
C(4)-O(3)-P(1) 119.2(2) 
C(6)-C(5)-C(10) 119.1(2) 
C(6)-C(5)-P(1) 122.65(18) 
C(10)-C(5)-P(1) 118.18(17) 
C(5)-C(6)-C(7) 120.4(2) 
C(8)-C(7)-C(6) 119.8(2) 
C(7)-C(8)-C(9) 120.5(2) 
C(10)-C(9)-C(8) 119.7(2) 
C(9)-C(10)-C(5) 120.5(2) 
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Symmetry transformations used to generate equivalent atoms: 
#1 y+1/4,-x+3/4,-z+3/4 #2 -y+3/4,x-1/4,-z+3/4 
#3 -x+1,-y+1/2,z+0 
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